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Intercellular structures, especially apical secretory lumens, have 
recently been recognized as critical functional components of organs 
such as the liver and kidney [1, 2]. The formation of apical secretory 
lumens is dependent on the proper polarization of epithelial cells. 
These lumens then grow into tubes before they are able to execute 
their functions properly. Bile canaliculi (BC) in the liver are a model 
example of these apical lumens. BC develop into a tubular network and 
constitute the structural basis of bile secretion and xenobiotics 
elimination that is essential for liver health and function [3]. However, 
little is known about the regulation of the growth and morphogenesis of 
these intercellular structures. 
To understand the mechanisms of BC growth, we followed the 
dynamics of actomyosin around the BC and bile secretion inside the 
BC. A regular BC expansion-contraction pattern was observed for 
hepatocytes cultured in a collagen sandwich cofiguration. Blebs were 
found to precede BC contractions, indicating an interplay between bile 
secretion and actomyosin contractility. By accelerating bile secretion or 
abolishing actomyosin contractility, we revealed that bile secretion was 
the driving force of BC growth whereas actomyosin contractility 
responded to BC expansion and triggered blebbing and BC 
contractions. 
To investigate anisotropic BC morphogenesis, we created a 
microwell system to control 3D extracellular matrix (ECM) organization 
 XII
in a defined microenvironment. It was found that ECM adhesions could 
direct BC elongation via modulating intercellular stress. The 
mechanical feedbacks between the BC and cell-ECM adhesions were 
mediated by α-catenin. Based on our observations, we proposed and 
verified a “clamping” model. According to this model, BC prefer to 
elongate towards the path of least resistance; i.e., weaker regions 
within cell-cell contacts, which are regulated by the strength of the 
underlying cell-ECM adhesions. In this way, the ECM can positively 
regulate local BC elongation. To validate the clamping model, we 
modulated cell-ECM interactions by varying different features of culture 
substrates, such as topography, topology or ligand concentrations, and 
demonstrated that stronger cell-ECM adhesions facilitated local BC 
elongation. 
Thus, in this work we have elucidated novel mechanisms 
regulating the growth and morphogenesis of hepatic intercellular 
structures. These findings not only enrich our understanding about 
apical lumen development, but also provide guidance  in developing 
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Liver is a vital organ executing various critical functions, such as 
blood detoxification, bile generation and secretion [4]. As the major 
type of cells in liver, hepatocytes are constrained into cellular sheets by 
two layers of sinusoids and carry out most of liver-specific functions [5]. 
The special organization of sinusoids leads to a unique polarized 
structure of hepatocytes: two basal domains at opposite sides and an 
apical lumen between two adjacent cells. This apical intercellular 
structure is also known as bile canaliculus (BC), which is tubular and 
spins over multiple hepatocytes as a network [6]. 
After taking up nutrients and xenobiotics from sinusoids, 
hepatocytes bio-transform them and expel their metabolic residues into 
BC. BC facilitate xenobiotics elimination into bile duct by secreting bile 
and promoting bile flow through their periodic contractions [7]. The 
failure of BC formation could lead to severe liver diseases, such as 
cholestasis, because bile leaks from BC and concentrates in blood 
vessels to poison hepatocytes and liver [8]. Primary hepatocytes are 
extensively utilized to build drug-testing models after isolated from rats 
[9, 10], due to their central role in liver functionality. However, it is a 
great challenge for bioengineers to maintain hepatocyte functions for 
long-term in vitro, because BC of isolated hepatocytes start to 
degenerate after a few days [3]. Therefore, an in-depth investigation is 
needed to understand how BC grow and how they form tubular 
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structures, the two essential processes for BC to form a connective bile 
canaliculi network. 
Suspected to promote bile flow, regular cycles of BC expansion 
and contraction were observed during BC growth [11]. Bile secretion 
and actomyosin contractility were implied to participate in regulating 
this cycle [12, 13]. However, few details are known so far. As the apical 
domain of hepatocytes, BC are connected with actin cytoskeleton, 
which further interacts with the basal and lateral domains of polarized 
hepatocytes [5]. Thus, it has been suspected for long that the BC 
morphogenesis might be influenced by the other structural components 
in polarized hepatocytes, such as actomyosin contractility, cell-ECM 
(extracellular matrix) adhesions and cell-cell junctions. However, few 
solid evidences were reported due to the lack of a proper platform, 
which enables us to probe the specific effect of each potential factor in 
BC morphogenesis. The comprehensive study of these questions could 
not only enrich our understanding about BC and BC-related diseases, 
but also provide a guidance for designing the long-term drug-testing 
platforms.
This thesis firstly aimed to understand the roles of actomyosin 
contractility and bile secretion in the cycle of BC growth and 
contraction. Furthermore, we developed a novel microwell platform to 
precisely control the spatial presentation of ECM. By this, we would like 
to understand the anisotropic BC morphogenesis and profile the effects 
of cell-ECM adhesions, actomyosin contractility and adherens 
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junctions. Finally, we manipulated BC elongation and directionality by 
varying physical properties of substrates to test and apply our previous 
findings. 
A review about the background of this study is presented in 
Chapter 2, focusing on BC and the other components of hepatic 
polarity, such as actomyosin contractility, cell-ECM adhesions and cell-
cell junctions. Chapter 3 summarizes the limitations of the existing 
works and the three specific aims of this thesis. The materials and 
methods are listed in Chapter 4. The results and discussions of the 
three specific aims are presented respectively in Chapter 5, 6 and 7. 
Chapter 8 provides a conclusion of the major findings and their 
implications. The thesis ends with the recommendations for future 
studies in Chapter 9. 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2. Background
2.1 Liver, hepatocyte and bile canaliculi
Liver is the most important organ for detoxification and 
metabolism in human body [4]. Hepatocytes are the major type of cells 
in liver and execute most of liver-specific functions [14]. To function 
properly, hepatocytes have to polarize and form bile canaliculi (BC) 
between adjacent cells [5]. This apical intercellular structure is critical 
for xenobiotics elimination. Bile biogenesis and secretion, enabled by 
the correct distribution of hepatic transporters, could facilitate BC to 
clean the microenvironment [15]. To investigate the formation and 
morphogenesis of BC, various hepatocyte culture platforms have been 
developed [16-18].
In this section, liver and hepatocytes are introduced first, 
followed by a summary of hepatic polarity and BC. Some important 
findings are reviewed about bile biogenesis, bile secretion and the 
regulatory role of bile. This section ends with a comparison of the 
existing platforms for studying BC. 
 
2.1.1 Liver anatomy and hepatocyte
As the biggest organ of human body, liver plays a vital part in 
various critical functions, such as blood detoxification, bile generation 
and bile secretion. Moreover, it is not only responsible for metabolizing 
protein and fat, but is also involved in storing vitamin, iron and sugar 
[4]. Given its versatility in functions and its indispensability in survival, 
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liver is prone to many severe diseases, such as hepatitis, cirrhosis, 
cholestasis and cancer. Liver and liver diseases have attracted lots of 
attentions from scientists and clinicians, since it is the only major cause 
of death that is still increasing year by year [19].
 
Figure 1. Schematic representation of hepatic lobule. (Courtesy from Pearson 
Education, Inc.)
The hepatic lobule is the typical structural unit of liver, which is 
normally of a hexagon shape in cross-section view. Located at the 
corner of the hepatic lobule, the portal triad consists of the hepatic 
artery, the bile duct and the portal vein. At the centre, the central vein 
traverses the long axis of the hepatic lobule. As the functional unit of 
liver, the acinus is composed by a plate of parenchymal cells and non-
parenchymal cells (NPC), which radiates from the central vein to the 
perimeter of the hepatic lobule [6]. Because of this unique organization, 
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the blood circulation of liver is also special. The venous blood from gut, 
pancreas and spleen is delivered to liver through portal veins, while the 
arterial blood goes through hepatic arteries. The delivered blood is 
absorbed and processed by parenchymal cells through sinusoids, a 
highly branched network of fenestrated blood vessels. The processed 
blood is released from sinusoids and delivered to central veins [4, 20]. 
Parenchymal cells and NPC together comprise liver. The 
parenchymal cells in liver are only hepatocytes, which are highly 
differentiated epithelial cells. Comprising 60% of hepatic cell population 
and 80% of liver volume [4, 14], hepatocytes carry most of the 
physiological functions of liver, such as protein synthesis and 
xenobiotics elimination [4]. Hepatocytes are also responsible for 
metabolizing proteins and fats, as well as generating bile. Liver NPCs 
include various cell types, such as cholangiocytes, Kupffer cells, liver 
sinusoidal endothelial cells, hepatic stellate cells, and pit cells [14]. 
Though representing the minority of liver cells, NPCs take a critical part 
in liver health maintenance and hepatic function regulation by 
producing growth factors and mediating certain immunological 
responses [3, 21, 22].
2.1.2 Hepatic polarity and bile canaliculi
As the major cells involved in liver functionality, hepatocytes 
take up nutrients and xenobiotics from sinusoids [5]. After bio-
transformation, the metabolic residues of nutrients and xenobiotics are 
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expelled into an intercellular structure — a small lumen between two 
neighboring hepatocytes. This luminal structure is also known as bile 
canaliculi (BC), which is tubular and spins over multiple hepatocytes 
throughout the whole length of an acinus [6]. BC is also a secretory 
domain for bile to facilitate xenobiotics elimination [7]. Opposing to the 
blood circulation in liver, the secreted bile together with the metabolic 
wastes of hepatocytes is delivered by BC from near central veins to 
peripheral bile ducts, given that BC are to be merged into bile ducts 
eventually [6].
 
Figure 2. Schematic comparison between ordinary epithelial polarity and 
hepatic polarity [23].
As the structural basis of bile circulation, BC is also known as 
the apical domain of hepatocytes, one of the hallmarks of the hepatic 
polarity. Being epithelial cells, hepatocytes establish hepatic polarity by 
segregating the plasma membrane into three distinct domains: the 
apical domain which is BC, the lateral domain engaged in cell-cell 
contact by adherens junctions, the basal domain interacting with ECM. 
Tight junctions serve as a zipper to seal BC and segregate the apical 
domain from the basolateral domain. However, unlike the ordinary 
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epithelial cells, hepatocytes adopt a “multipolar” organization due to the 
striated layout of hepatocytes. Each hepatocyte has two basal domains 
facing sinusoids at both sides and contribute to multiple BC [5].
As a result of the hepatic polarity, the basolateral domain and 
the apical domain of hepatocytes display different molecular spectra. 
Several transporters demonstrate an exclusive apical distribution, such 
as MDR1, MDR3, BSEP, MRP2, Aquaporin 8 and DPPIV. Meanwhile, 
NTCP, OATP, MRP3 and MRP6 only localize at the basolateral domain 
[24]. The lipids accumulated at the apical domain are also different 
from the ones at the basolateral domain, even though there is no 
absolute domain-specificity [5]. For example, the apical domain of 
hepatocytes has a relative enrichment of sphingomyelin and 
cholesterol, in order to prevent the canalicular membrane from being 
digested by the concentrated bile in BC [25]. 
This intriguing polarity is resulted from the polarized pattern of 
molecular sorting and trafficking in hepatocytes. The Golgi complex 
has been proven as the key organelle in this process. It was shown 
that the sinusoidal transporters in hepatocytes are delivered directly 
from the Golgi complex to the basolateral domain [24]. Meanwhile, 
most canalicular transporters are delivered to apical domain by an 
indirect traffic. They traffic first to the sinusoidal membrane from the 
Golgi complex. These apically targeting proteins are then transcytosed 
to a sub-apical compartment, and eventually to the canalicular 
membrane [25]. However, the apical transporters related to bile 
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secretion, BSEP and MRP2 adopt a direct traffic from the Golgi 
complex to the canalicular membrane, since they may be involved in 
the early stage of BC formation [26]. 
The molecular origin of the initial epithelial polarization was 
shown to be triggered by the proper localization of Par complex [27, 
28]. In 2004, David Cohen and his colleagues found that Par-1 
knockdown could prevent WIF-B9 cells, a cell line of primary 
hepatocyte, from generating BC [27]. Meanwhile, over-expressing 
Par-1 was able to induce BC formation via varying microtubule 
dynamics. The important role of Par complex in hepatic polarization 
was further demonstrated by Anne Mushe’s group in 2007 [28]. They 
over-expressed Par-1b in the epithelial MDCK cell line and revealed 
that a canaliculi-like lumen was induced at the cell-cell contact region 
of two adjacent cells. The signaling pathways involving myosin II and 
E-Cadherin were suggested as the downstream targets of Par-1b. 
However, it was still unclear how Par complex targets to the pre-apical 
patch where the apical domain forms at the later stage of polarization 
until 2010. It was discovered in the epithelial cyst model that Rab11a 
and Rab8a involved in endosome transportation direct Par complex to 
the pre-apical surface, which in turn activates Cdc42 to facilitate the 
apical lumen formation [29]. The similar role of Rab11a was revealed in 
WIF-B9 cells, because the knockdown of Rab11a inhibited BC 
formation [26]. In summary, the endosome transportation ensures Par 
complex to target correctly onto the apical surface to initiate BC 
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formation. The specific molecule sorting and trafficking by Golgi 
complex reinforce the establishment of hepatic polarity. 
2.1.3 Biosynthesis of bile
In addition to the successful establishment of BC network, bile 
production is another critical factor to guarantee the efficient bile flow 
and a healthy liver, because of its vital role in fat absorption from guts 
[4] and detoxification of both endogenous and exogenous substances 
from blood [30]. 
Two bile acid biosynthetic pathways exist in hepatocytes, the 
neutral pathway and the alternative one. As the major bile acid 
synthetic pathway under the physiological conditions, the neutral 
pathway is triggered and regulated by a CYP450 enzyme, CYP7A1, 
which localizes in the smooth endoplasmic reticulum [15]. It has been 
shown that the 7α-hydroxylation of cholesterol rate-limits the neutral 
pathway [31]. With a very short half-life (~1.5 hours) for CYP7A1 
mRNAs, the gene expression of CYP7A1 is strongly subjected to the 
negative regulations by most bile acids and certain cytokines, 
meanwhile to the positive regulations by thyroid hormone and gluco-
corticoids [32]. The alternative pathway of bile acid biosynthesis 
appears much more active under many pathological conditions [33]. 
Unlike the neutral pathway, the alternative pathway is triggered by 
mitochondrial sterol 27-hydroxylase (CYP27A1) and the transportation 
of cholesterol to the mitochondrial inner membrane is the rate-limiting 
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step [34]. StarD1 was suggested as a key regulator in the alternative 
pathway, because it is able to accelerate the transportation of free 
cholesterols into mitochondria [35]. This idea was supported by the 
result that the over-expression of StarD1 in rodent liver facilitates the 
biosynthesis of bile acids [36].
2.1.4 Bile as the regulatory molecule
For a long time, bile has been only considered as detergents to 
solubilize cholesterol in gallbladder and intestine by mixing cholesterol 
and phospholipids into micelles. It is only recently that the role of bile 
acids in regulating hepatic structures and functions was recognized. 
Fetal hepatocytes are not polarized with little bile production at 
the early stage of embryonic development [37, 38]. However, the bile 
synthesis increases rapidly along with the accelerated polarization of 
hepatocyte and the formation of an extensive BC network at the 
postnatal stage [39, 40]. These evidences imply an important effect of 
bile acids in facilitating BC formation and development. This notion was 
verified by the results that taurocholate, the major bile acid in BC, is 
able to speed up the BC elongation in an in vitro culture system of 
isolated primary hepatocytes [41]. The similar discovery was reported 
that UDCA, a choleretic bile acid could also accelerate the BC 
elongation [42]. Furthermore, Dong Fu and his colleagues identified the 
molecular mechanism about the stimulative effect of taurocholate. With 
the efficient adenovirus transfections, the expressions of various 
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related genes were manipulated to investigate their participations [41]. 
It was revealed that the BC elongation is stimulated by taurocholate 
through a cAMP-Epac-MEK-LKB1-AMPK pathway. 
In addition to influencing BC structure, bile’s capability of 
regulating hepatic functions was also studied at the molecular level. 
This regulatory role of bile acids was first suggested by three 
independent groups in 1999 that bile acids serve as the ligands for 
FXR-α [43-45]. Because FXR-α was well-known to regulate the 
expressions of various genes via interacting with their promotors, bile 
acids were proposed to participate in multiple signaling pathways. 
Plenty of evidences followed up later and demonstrated that many 
FXR-α-related enzymes involved in bile acid synthesis, process and 
transportation are subject to the regulation by bile acids [46]. In 2002, a 
Japanese group found that the activity of CYP3A, an enzyme 
responsible for xenobiotics biotransformation of mouse hepatocytes in 
vitro, is positively correlated with the bile acid concentration inside the 
culture medium [47]. This correlation was implied to be mediated by 
MDR2 and heat shock protein 84. Furthermore, bile acids were 
reported to take part in energy metabolism [48] and hepatocyte 
protection [49]. 
2.1.5 Bile secretion and apical bile transporters
Bile secretion through the canalicular membrane is a vital step 
to execute the cleaning function of bile after its production. To quantify 
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the rate of bile secretion, Dr. Anil Gautam and his colleagues measured 
the single canalicular volume variation of isolated rat hepatocyte 
couplets within an 8-hour culture period by the video-microscopic 
optical planimetry [7]. In the basal medium, the bile secretion rate is 
3.8±1.3 femtolitre (fl)/min. While stimulated by the choleretic bile acids 
such as taurocholate and UDCA, the secretion rate of bile is increased 
to 14±7 fl/min. 
It has been reported that the coordination of transporters 
localized at the apical and basal domains is required for the prosperous 
bile secretion [50, 51]. Chemical disruption of the apical transporters 
could cause cholestasis, since the apical transporters are responsible 
for secreting bile directly into BC [51]. Among these apical transporters, 
the substrates of BSEP are majorly monovalent bile acids such as 
taurocholate, while MRP2 is responsible to transport organic anions as 
well as glucuronide- or sulfate- conjugated bile acids [52, 53]. The 
expression and regulation of BSEP and MRP2 are critical to functional 
BC, since they contribute most of bile secretion in hepatocytes. 
It has been reported that calcium and osmolarity are the two 
major modulators of BSEP and MRP2 in the aspects of gene 
expression and protein localization. The regulation of BSEP and MRP2 
by Ca2+ is mediated by InsP3R2 [54, 55]. Emma Kruglov and her 
colleagues discovered that the InsP3R2 knockdown or dysfunction in 
primary hepatocytes could induce BSEP internalization from the 
canalicular membrane and decrease the BSEP transportation rate 
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monitored by a fluorescent substrate [55]. The proper function of MRP2 
also requires InsP3R2, given that the bile secretion by MRP2 was 
interrupted in InsP3R2 knockout mice [54]. 
As an environmental factor, osmolarity modulates BSEP and 
MRP2 reversibly. Hyper-osmolarity was discovered to reduce the 
mRNA and protein expressions of BSEP and MRP2 and to induce a 
retrieval of BSEP and MRP2 from the canalicular membrane into 
intracellular vehicles, while hypo-osmolarity increased the expressions 
and stimulated BSEP and MRP2 to accumulate more at BC [56, 57]. It 
was revealed in 2011 that the activation of certain Src kinases (Fyn and 
Yes, not c-Src) was required for the retrieval of MRP2 and BSEP under 
hyper-osmolarity in perfused rat liver [58]. The further investigation 
demonstrated that the inhibition of Fyn but not Yes prevented the 
retrieval of BSEP and MRP2 under hyper-osmolarity. All these results 
together suggested the Fyn-Src pathway mediates the regulation of 
BSEP and MRP2 by osmolarity in hepatocytes.
2.1.6 Platforms to investigate bile canaliculi 
Constructing drug-testing platforms in vitro is more and more 
popular, since the isolation of primary hepatocytes from a rat liver was 
accomplished [59]. However, many hepatocyte culture systems failed 
to generate or maintain BC. Consequently, these platforms failed to 
keep hepatocytes healthy and functional for a long term, which is 
critical for testing the chronic effects of drugs [60]. Therefore, scientists 
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have focused more on BC and proposed several generations of hepatic 
models to study BC formation and development.
Regenerating liver
The first model for BC formation and development is the 
hepatocyte repolarization process during liver regeneration after partial 
hepatectomy [5]. Partial hepatectomy causes most of hepatocytes to 
proliferate and repolarize. Similar with the embryonic development of 
liver, small BC start to form and some are developed into a ballooned 
lumen shared by multiple hepatocytes [61]. The hepatocyte population 
increases significantly and fills the original space after 3 days. The 
small BC as well as the dilated lumens still exist abundantly at most of 
the regenerated parts. On day 7, hepatocytes at the regenerated parts 
are rearranged into the normal single-cell layers with few small BC but 
more tubular ones [61]. Though the formation and morphogenesis of 
BC were clearly described by the liver regeneration model, few 
molecular studies can be done due to the high cost and the long period 
of animal works.
Isolated primary hepatocyte couplet
The great breakthrough of culturing hepatocytes in vitro was 
achieved by P. Seglen, because he established a feasible and reliable 
method for the isolation of primary rat hepatocytes [59]. It did not take a 
long time for scientists to notice the small BC formed in the isolated 
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hepatocyte couplets [62]. Extensive investigations followed up on BC 
structure, canalicular molecular distribution [63], bile secretion profile 
[7] and BC contraction [62, 64]. These works constituted the 
fundamental knowledge about BC, however, the further study of BC 
maintenance and morphogenesis was limited because the small BC of 
isolated hepatocyte couplets are pre-mature and only last for a short 
time.
Collagen sandwich culture
Adding a layer of collagen gel on top of cells, the sandwich 
culture system for isolated primary hepatocytes was developed to 
mimic the in vivo spatial organization of hepatocytes [65]. The 
sandwich culture system was quickly recognized as the gold standard 
platform for hepatocyte-culturing and drug-testing in vitro, due to its 
capability of forming an extensive BC network and maintaining 
hepatocyte functions [66]. Furthermore, most transporters and polarity 
markers are expressed and localized in a similar way as they are in 
liver [67]. Several groups also characterized the profile of bile uptake 
and secretion and found that the bile uptake and secretion are partially 




Another hepatic model commonly utilized for drug-testing is the 
hepatocyte spheroid system that clusters hepatocytes into aggregates 
in the absence of matrix supports. The hepatic function profile in 
hepatocyte spheroids is comparable with the one of hepatocytes in vivo 
[70]. BC were observed to form in this system with a correct distribution 
of various transporters [71]. However, BC in hepatocyte spheroids are 
typically dilated and never extend into a network [72]. 
Other platforms to control bile canaliculi
After the success of the sandwich system, several hepatic 
platforms were developed for a higher degree of control on BC 
formation and alignment. Wang Yan and her colleagues utilized a 
microfluidic chip to trap and culture primary hepatocytes and applied a 
homeostatic compaction force to accelerate BC formation [73]. With 
this compaction force, BC appeared at 12 hours after cell seeding and 
elongated faster than the ones without compaction, where BC only 
started to form at 24 hours after cell seeding. A Japanese group also 
made use of a microfluidic device and modified the perfusion pattern to 
align hepatocytes into two rows inside the chip [74]. BC were observed 
to emerge in the middle and elongate along with the long axis of the 
chip. To extract bile and metabolic products of hepatocytes directly 
from BC, Hitoshi Matsui and his colleagues enlarged BC by culturing 
hepatocytes in 3D microcavities of collagen gel [18].
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2.2 Actomyosin contractility
Actin and myosin are the most important structural proteins in 
cells to build up the cytoskeleton and exert the intracellular force [75]. 
The participation of actomyosin contractility has been proven in many 
contexts, such as embryo development [76], cell migration [77], cell 
polarization [78]. Actomyosin contractility is also a key regulator for 
various sub-cellular events, for example, cell protrusion [79] and 
endocytosis [80]. Actin and myosin have been found to accumulate at 
BC [63] and, thus, were suspected to participate in the BC contraction 
and morphogenesis.
In this section, the details of actin polymerization are introduced 
first, followed by a summary about the regulatory pathways of the 
myosin II-related contractile force. At the end, we discuss two sub-
cellular events involving actomyosin contractility, which are BC 
contraction and cell blebbing.
2.2.1 Actin and its polymerization
As a highly conserved ATP-binding protein, actin can structurally 
cycle between the filamentous actin (F-actin) by polymerization and the 
monomeric globular actin (G-actin) by ATP hydrolysis-induced 
depolymerization [81]. Each actin filament has two ends: a dynamic 
barbed end for G-actin addition and a blunt pointed end. 
Normally there are abundant G-actin molecules in cells, 
however, most of these monomeric actin are caged by G-actin-binding 
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proteins, such as thymosin b4 and profilin [82]. These proteins inhibit 
the spontaneous nucleation of new F-actin, meanwhile they facilitate 
the elongation of existing F-actin. Therefore, F-actin nucleation is the 
rate-limiting step in actin polymerization. With a rate proportional to G-
actin concentration in cytoplasm, F-actin elongates at barbed ends 
once the actin nuclei are created [82]. To enable the unfavorable 
nucleation of G-actin and initiate actin polymerization, cells directly 
nucleate actin using several actin-nucleating proteins, such as ARP2/3 
for branched actin filaments and formins for linear actin filaments [83, 
84]. Together with other actin-associated factors for F-actin stabilization 
or destabilization, actin nucleators modulate the functions of actin 
networks by varying their architecture [82].
The versatility of the actin cytoskeletal system as structural 
scaffolds, force generators, tracks for molecule transportation makes 
actin a critical player in various cellular behaviors, such as cell motility 
[85], endocytosis [80] and cytokinesis [86]. 
2.2.2 Myosin Ⅱ and the cellular contractile force
As one of the most substantial cellular features, actomyosin 
contractility is recognized as the only source of the intracellular force 
[75]. It enables various sub-cellular and cellular behaviors, such as 
cytoskeleton coherence maintenance [87], cell motility [88], epithelial 
junction remodeling [76], developmental morphogenesis [89]. 
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The cellular contractile force is resulted from the interaction 
between actin filaments and myosin II [90, 91]. A myosin II hexamer is 
constituted by two heavy chains as structural basis, two essential light 
chains as conjugational domains, two regulatory light chains (MLC) as 
the targeting sites of upstream modulators [92]. In order to antiparallelly 
pull actin filaments for the generation of contractile force, the assembly 
of myosin II hexamers into bipolar minifilaments is required [93].
To exert actomyosin contractility, cells locally active myosin II 
regulatory light chain (MLC) by phosphorylating myosin II at the 
threonine 18 or/and serine 19 residues [94]. Several kinases are 
involved in the myosin II phosphorylation, such as ROCK activated by 
RhoA and MLCK activated by Ca2+ [88].
The existence of different myosin II isoforms with different 
functions also contributes to the versatile regulations of actomyosin 
contractility. Myosin IIA as a fast motor is normally involved for the rapid 
actin cytoskeleton remodeling and the adaptive contractility, while 
myosin IIB, with a lower ATPase activity and a stronger interaction with 
actin, is usually responsible for the tension resistance [92]. These 
functional differences of myosin IIA and myosin IIB are further 
represented by their differential localizations and roles in fibroblast cell 
migration and epithelial cell-cell junctions. In motile fibroblasts, myosin 
IIA localizes at the cell front and participates in actin bundle formation 
[95], whereas myosin IIB localizes in the center and the rear to stabilize 
the pre-formed F-actin. At the cell junctional regions of epithelial cells, 
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myosin IIA regulated by ROCK and MLCK is required for cell junction 
maturation, whereas myosin IIB affects the tension of the 
circumferential actomyosin belt associated with cell junctions [96]. 
There will be a detailed discussion in later chapters about the critical 
role of actomyosin contractility in cell-cell junction development and 
cell-ECM adhesions.
2.2.3 Bile canaliculi contraction
As the basic components of the cytoskeleton, actin and actin-
binding proteins were reported to concentrate at BC [63]. The presence 
of actin, myosin II, vinculin and α-actinin at BC was verified by 
immunostaining. Two regions with dense F-actin were identified: the 
microvilli and the circumferential actin belt. Myosin II and α-actinin are 
preferentially localized with the circumferential actin belt, which is 
associated to the cell-cell junctions [63]. This enrichment of F-actin and 
myosin II at BC led to a speculation that these actomyosin filaments 
confer BC a contractile function to facilitate bile flow.
The BC contraction was first discovered in isolated primary rat 
hepatocytes couplets using time-lapse cinephotomicro-graphy [62]. For 
these premature BC, the variation of their volumes displays a regular 
cycle: a 60-second contraction and a latent interval of BC growth for 
most probably 5.5 minutes [64]. The involvement of actomyosin 
contractility in this process was demonstrated by the inhibition of BC 
contractions after the addition of cytochalasin, a small molecule to 
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disrupt F-actin [97]. Cytochalasin was also reported to induce a 
transient cholestasis due to the decreased bile flow in mouse liver [98]. 
Ca2+ microinjection into isolated hepatocyte couplets can rearrange 
actomyosin filaments at BC and trigger BC contractions [99]. The 
administration of wortmannin, a drug to suppress MLCK, could inhibit 
the Ca2+-induced contractions and decrease the bile flow without 
interrupting liver blood pressure [100]. This suggested that actomyosin 
contractility is the main player in BC contractions. 
2.2.4 Blebbing
As an emerging cellular event requiring actomyosin contractility, 
non-apoptotic blebbing at plasm membrane has been observed during 
cytokinesis [86] and cell spreading [101].
A bleb undergoes a life cycle from the initiation to the expansion, 
eventually to the retraction [102]. The cytosolic hydrostatic pressure 
and actomyosin contractility have been reported to be critical for bleb 
dynamics, because the inhibition of actomyosin contractility [77] or the 
high-osmolarity [103] culture medium prevents cells to generate blebs.
Bleb initiation requires the local separation of actin cytoskeleton 
from cytoplasm membrane that can be caused by the delamination of 
membrane and cytoskeleton as observed in migrating cells [104], or by 
a local rupture of actin cytoskeleton as demonstrated using laser 
ablation technic [105]. 
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Figure 3. Schematic illustration of the life cycle and the molecular dynamics of 
a bleb [101].
After initiation, the local imbalance between actomyosin 
contractility and cytosolic hydrostatic pressure drives the bleb 
expansion with a duration of 5 to 30 seconds [102]. The non-
equilibration of these two factors was found highly localized on scales 
of 10 µm and 10 seconds, since blebbing continued on the untreated 
part of cells even when the cortical tension of the other part was locally 
relaxed by drugs [103]. The cytosolic flow into the bleb associates the 
bleb expansion characterized by a volume increase and the popped-
out surface, which is devoid of actin cytoskeleton [106]. This empty 
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membrane is quickly covered by F-actin and myosin II, which empower 
the bleb retraction with a duration of 60 to 120 seconds [107]. The F-
actin coverage during the bleb retraction was further confirmed by the 
observation that the retracting blebs were five-fold more rigid than the 
expanding blebs using flicker spectroscopy [105].
Though the physiological role of these blebs are still under 
investigations, blebs are clearly utilized by amoebae, embryonic cells 
and tumor cells to enable cell migration in the absence of strong cell-
ECM adhesions [101]. Moreover, blebs were found at the poles of 
dividing cells to ensure a stable middle-positioned cleavage furrow by 
buffering cortical contractility imbalance [86].
2.3 Cell-matrix interaction
Adherent cells are able to survive only after they bind to and 
interact with ECM [108]. This is a critical step for epithelial polarization, 
since the cell-ECM interface constitutes the basal domain of polarized 
epithelial cells [24]. The interaction between cells and ECM is enabled 
by the focal adhesion, a dynamic structure regulated by actomyosin 
contractility [109]. Focal adhesion is the structural basis for cells to 
mechanosense culture substrates [109]. Many properties of substrates 
can influence cellular behaviors via focal adhesions [110, 111]. 
In this section, the molecular structure of focal adhesion is 
introduced first, followed by a summary about the regulatory role of 
actomyosin contractility in the focal adhesion dynamics. This section 
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ends with a detailed discussion about the various properties of culture 
substrates and their effects on cellular behaviors.
2.3.1 Extracellular matrix and focal adhesion
ECM is a multi-molecular complex constituted by ligand proteins 
(collagen, fibronectin, laminin) and various growth factors [112]. Taking 
ECM as a scaffold and environmental cues, cells live and function 
inside ECM by interacting with the ligands of ECM. It has been well-
acknowledged recently that ECM can influence various cellular 
behaviors and functions not only in chemical ways, but also in physical 
means [108, 113]. Mechanosensing ECM is mainly mediated by the 
focal adhesion, a molecular complex capable of translating diverse 
physical cues of ECM into coherent cytoplasmic signals.
The molecular composition of focal adhesion has been 
investigated by many groups and 4 categories of proteins have been 
identified so far: ECM binding proteins (integrins), signaling proteins 
(FAK and Paxillin), force transducing proteins (talin and vinculin), actin 
regulatory proteins (zyxin and VASP) [112]. In 2010, Pakorn 
Kanchanawong and his colleagues determined the spatial organization 
of these proteins in focal adhesions at nanoscale using a 3D super-
resolution fluorescence microscopy [114]. Within ~40 nm in the vertical 
dimension, 4 strata of specific proteins were observed from ECM to 
cytoplasm as the integrin extracellular layer (ECM binding proteins), 
the integrin signaling layer (signaling proteins), the force transduction 
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layer (force transducing proteins), and the actin regulatory layer (actin 
regulatory proteins). This groundbreaking discovery led to a better 
understanding of the focal adhesion functions and the mechanosensing 
mechanism.
   
Figure 4. Schematic illustration of the molecular structure of focal adhesion 
[114].
2.3.2 Regulation of focal adhesions by actomyosin contractility
To extract environmental information timely and adaptively, cells 
turnover focal adhesions very fast [79]. As the initial structure of a focal 
adhesion, the focal complex containing integrins appears as a spot 
about 100 nm in diameter [115]. These focal complexes exclusively 
form underneath lamellipodia, thin cellular extensions supported by a 
highly branched actin network [116]. During the maturation process, the 
focal complexes elongate and recruit more proteins mainly for the actin 
polymerization and stabilization. The mature focal adhesions are 
localized at the ends of stress fibers, F-actin bundles associated with 
actin regulatory molecules such as myosin II and α-actinin [117].
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The presence of myosin II confers a contractile ability to stress 
fibers, indicating that a continuous pulling force is exerted onto focal 
adhesions [118, 119]. This implies a critical role of actomyosin 
contractility in the maturation of focal adhesions. Beyond expectation, 
the involvement of actomyosin contractility has been identified in each 
important step of the focal adhesion formation and maturation [112]. 
It has been simulated by Molecular Dynamics that the 
recruitment of vinculin to focal adhesions might be promoted by the 
force applied locally [120]. During the formation of the focal complex, 
actomyosin contractility was reported to realize the conformational 
change of talin, which is essential for talin to bind and activate vinculin 
[121]. The activated vinculin promotes the formation of focal complexes 
by facilitating the recruitment of Paxillin and FAK [122]. These results 
suggest that the mechanical force originated from actomyosin 
contractility serves as a prerequisite for the formation of focal 
complexes. It was also discovered that the inhibition of actin 
polymerization or myosin II activity leads to the diminished focal 
adhesions in fully-spread fibroblasts, indicating an indispensable part of 
actomyosin contractility in the maturation of focal adhesions [123]. 
Myosin IIA was further identified as the major myosin II isoform 
involved in the formation and maturation of focal adhesions, because 
the knockdown of myosin IIA in fibroblasts prevents the transition from 
premature focal complexes to mature focal adhesions [124].
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2.3.3 Regulation of cellular behaviors by matrix properties
The bidirectional regulation between focal adhesions and 
actomyosin contractility is widely recognized by scientists that 
actomyosin contractility is able to regulate the formation and maturation 
of focal adhesions, meanwhile, focal adhesions can modulate 
actomyosin contractility by regulating actin polymerization locally [122, 
125]. The outside-in pathway enables cells to mechanosense diverse 
physical properties of ECM (e.g. ligand concentration [108, 126], 
rigidity [127, 128] and topography [129, 130]) and to carry out various 
cellular behaviors such as cell shape variation, proliferation, migration, 
and differentiation. There is a detailed discussion in the following 
section about the diverse properties of substrates and the respective 
cellular responses to them.
Ligands
The ligands presented by ECM are the primary targets that cells 
interact with, when cells reside on ECM [112]. Collagen, fibronectin and 
laminin are the major ligands of ECM. Interestingly, each of them only 
reacts to a certain type of integrins, whose activation triggers a distinct 
range of cellular responses [131]. For example, the preference of 
fibroblasts to fibronectin over collagen leads to a faster migration of 
fibroblasts on the fibronectin-coated substrate [131]. 
The concentration of ligands presented on culture substrates is 
also a critical, yet ambiguous regulator of cell shape and cellular 
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functions. On the polyacrylamide gel coated by fibronectin at a higher 
concentration, hepatocytes were reported to spread more and reduce 
the gene expressions of albumin and CYP450 [108]. However, a 
biphasic regulation by the collagen concentration was discovered by 
Adam Engler and his colleagues [126]. The smooth muscle cells 
spread most and express actin proteins most when they are cultured 
on the substrate coated by collagen at the optimal concentration, 
whereas the higher or lower concentration of collagen reduces the 
projected cell area and the amount of actin proteins. Thus, the effect of 
the ligand concentration depends on the type of ligands coated on the 
substrate. However, the mechanism about the regulation of cellular 
behaviors by the ligand concentration was not clear, until the spatial 
distribution of ligands at nanoscale was reported to configure cell 
spreading and focal adhesion dynamics [132]. Using a passivated 
substrate presenting nano-patterned gold dots functionalized by RGD, 
Joachim Pius Spatz’s group discovered that cells on the 108-nm-
spaced pattern displayed a slower spreading and their focal adhesions 
with less zyxin underwent a faster turnover, comparing to the ones on 
the 58-nm-spaced pattern. These results suggest that the 
concentration of ligands coated on substrates determines the spacing 




As one of the major physical properties of ECM, rigidity can be 
sensed by cells via focal adhesions [133]. Cells grip and pull substrates 
using focal adhesions, leading to a deformation of substrates that is 
perceived by cells [134]. As observed by many groups, several cellular 
features are extremely sensitive to the substrate rigidity. Cells spread 
less and express more actin on the softer substrate, comparing to the 
ones on the stiffer substrate [108, 126]. The variation of the actin 
expression caused by rigidity suggests the involvement of actomyosin 
contractility in the regulatory effect of rigidity [126]. Using the effective 
rigidity method to tune the substrate rigidity in real time, Atef Asnacios’ 
group revealed that change of the substrate rigidity stimulates a fast 
adaptation of the cellular rigidity, which is determined by the cortical 
actomyosin contractility [135]. This evidence clearly indicates that 
actomyosin contractility mediates the effect of rigidity on cell spreading 
and migration. 
Besides cell spreading, various hepatic functions as well as BC 
morphology were reported to correlate with the substrate rigidity. Using 
the fibronectin-coated polyacrylamide gel, Eric Semler and his 
colleagues discovered that the cell shape and the gene expression 
profile of hepatocytes varied according to the substrate rigidity [108]. 
On the softer gel, hepatocytes displayed little spreading. Meanwhile 
more albumin and CYP450, yet less cyclin D1 (the key molecule to 
enable cell proliferation) were expressed in the hepatocytes on the 
softer gel, suggesting a higher liver-specific functionality and a lower 
 30
proliferation rate. Furthermore, the enhanced chemotherapeutic 
resistance to TGF-β and cisplatin on the stiffer gel were demonstrated 
in hepatocytes and in hepatic carcinoma cells, respectively [136, 137]. 
The stiffer substrate was also found to promote the hepatocyte 
dedifferentiation process, highlighted by the loss of hepatic polarity and 
functions [136]. Furthermore, it was discovered that the stiffer collagen 
underneath hepatocytes could activate the Src - FAK - ERK pathway, 
which is putative for its fundamental role in transiting epithelial cells to 
fibroblast-like cells [136].
Topography
The topographic features mainly refer to the adhesive patterns 
of ECM as well as the micro- or nano- structures on substrates, such 
as pillars and grooves [111]. The substrate topography influences a 
wide range of cellular behaviors. For example, many types of cells 
prefer to elongating and migrating along nanogratings, while the 
proliferation rate of cells is inhibited by the nanograted substrate [138, 
139]. The classic instance of the effect of the substrate topography is 
that the addition of collagen gel on top of hepatocytes in sandwich 
culture results in a connective BC network and sustainable hepatic 
functions [65].
The substrate topography obviously defines the pattern of cell-
ECM adhesions [140]. This leads to an adaptive organization of actin 
cytoskeleton in cells, as reported by Manuel Thery and his colleagues 
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[129]. The anisotropic actin cytoskeleton structure was revealed in 
individual cells that spread on ECM-micropatterned substrates. This 
anisotropic actin cytoskeleton structure determined by the geometry of 
ECM was further demonstrated to direct the nucleus-centrosome 
orientation. These observations substantiate the regulatory role of 
topography. 
The effect of topography can be extended to the cell sheet, a 
tissue structure of multiple cells tightly connected by cell-cell junctions. 
Interestingly, the topographic regulation of cells at multi-cellular level 
was reported to be mediated by actomyosin contractility [141]. Using 
defined ECM patterns at millimeter scale, Christopher Chen’s group 
discovered that some regions existed in the cell sheet with a high 
proliferative rate. These proliferative regions within the cell sheet 
correlated with the places where cells displayed stronger cell-ECM 
adhesions and higher actomyosin contractility, as simulated by a finite-
element model and validated by direct observations. These results 
suggest that the topographic features of substrates are able to trigger 
actomyosin-related cellular behaviors by defining the pattern of cell 
adhesions to ECM.
2.4 Cell-cell junctions
Epithelial cells physiologically cluster into tissue sheets, where 
cells connect and communicate with each others tightly. The cell-cell 
contact is composed of four types of cell junctions: tight junctions, 
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adherens junctions, gap junctions and desmosomes [142]. Adherens 
junctions physically adhere adjacent cells into a continuum and 
transmit mechanical signals between them [143]. Actin cytoskeleton is 
linked to adherens junctions physically and regulates their dynamics 
via applying a contractile force [123, 144]. Therefore, focal adhesions 
could influence the dynamics of adherens junctions via modulating 
actomyosin contractility, since focal adhesions also interact with the 
actin cytoskeleton [145, 146]. 
This section starts with the introduction about the molecular 
structure of adherens junctions, followed by a summary about their 
dynamics and the regulatory effect of actomyosin contractility in this 
process. The bidirectional force transmission between adherens 
junctions and actin cytoskeleton is then discussed. The crosstalk 
between adherens junctions and focal adhesions is introduced at the 
end.
2.4.1 The molecular structure of adherens junctions
As one of the major types of cell-cell junctions, the adherens 
junction is an essential molecular structure for epithelial connectivity 
and polarity [147, 148]. Among dozens of molecules constituting 
epithelial adherens junctions, E-cadherin, β-cantenin and α-cantenin 
have been commonly recognized as the key components [142]. E-
cadherins are transmembrane proteins that possess extracellular 
domains forming Ca2+-dependent homophilic bonds between adjacent 
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cells, as well as cytoplasmic domains to interact with various 
intracellular proteins [149]. As a critical transcription factor for the 
canonical Wnt signaling pathway, β-catenin serves as an intracellular 
adaptor for E-cadherin and associates with the E-cadherin cytoplasmic 
domain [150]. Meanwhile, β-catenin can further stabilize the adherens 
junction complex by recruiting α-catenin, which functions as a linker 
and mechanotransmitter between actin cytoskeleton and adherens 
junctions [151]. 
These three basic molecules are indispensable for adherens 
junctions to form and function properly and each of them was reported 
to participate in regulating a specific range of cellular functions. For E-
cadherin, its role in initiating and maintaining epithelial polarity has 
been extensively investigated [147, 152]. It was found in WIF-B9 cells 
that E-cadherin is present at the cell-cell contact as soon as two cells 
form a couplet, suggesting the involvement of E-cadherin in the early 
establishment of hepatic polarity [153]. Interestingly, the requirement of 
E-cadherin was only demonstrated in the initiation of epithelial 
polarization, but not in the maintenance of epithelial polarity [154]. 
MDCK cells depleted of E-cadherin by RNAi failed to repolarize after 
the disassembly of cell-cell junctions, whereas the absence of E-
cadherin displayed little effect on the localization of tight junctions and 
the cell polarity when the mature junctions have already formed. This 
finding was further substantiated by the discovery from Sven van 
IJzendoorn’s group that the elimination of E-cadherin and β-catenin in 
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HepG2 cells led to a delayed formation of BC that were defective in 
apical remodeling, though the tight junctions and the hepatic polarity 
were still retained for these mutant hepatocytes [155]. 
β-catenin has been well accepted as the transcription factor of 
the canonical Wnt signaling pathway, which is widely involved in gut 
development and tumorigenesis of many tissues [156, 157]. Recently 
β-catenin was also found to participate in regulating BC structures and 
bile secretion [158]. Using the chow-fed β-catenin-knockout mice, Tzu-
Hsuan Yeh and his colleagues demonstrated that the loss of β-catenin 
led to a higher bile acid level and a lower bile flow rate in the knockout 
mice. Meanwhile, the BC in the knockout mice were dilated and 
tortuous with few microvilli, as revealed by transmitted electron 
microscopy. 
2.4.2 The dynamics of adherens junctions
Adherens junction is a very dynamic structure undergoing a 
cycle of initial cadherin clustering at cell-cell contact, adherens junction 
maturing and disassembling [142]. The dynamics of adherens junctions 
are crucial to sustain the epithelial integrity, because the cell packing 
status is experiencing a continuous modulation by cell division, cell 
death and cell extrusion [152]. Since adherens junctions are linked to 
actin cytoskeleton by α-catenin, actomyosin contractility has been 
suspected to participate in the dynamics of adherens junctions [159]. 
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As the initial stage of the adherens junction formation, E-
cadherin clustering at cell-cell contacts was demonstrated by Alpha 
Yap’s group to require functional myosin II [160]. They found in 
epithelial breast cancer cells that the E-cadherin homophilic ligation 
could recruit and activate myosin II at cell-cell contacts. Moreover, the 
inhibition of myosin II quickly abolished E-cadherin clustering without 
affecting the presentation of E-cadherin at cell surface, indicating the 
critical role of actomyosin contractility in initiating adherens junctions. 
The formation and the maturation of adherens junctions were observed 
in T84 intestinal epithelial cells by Andrei Ivanov and his colleagues 
[161]. Using actin-depolymerizing drugs or myosin-inhibiting drugs, 
they reported that actin polymerization is indispensable for the 
maintenance and the protein recruitment of adherens junctions, 
whereas myosin II enables cells to polarize properly by controlling the 
localization of molecules at adherens junctions. 
Endocytosis has been recognized as the key process to recycle 
various proteins at cell surface [78]. To identify the role of endocytosis 
in the turnover of adherens junctions, Sylvie Coscoy’s group analyzed 
the dynamics of E-cadherin quantitatively by FRAP [162]. E-cadherin in 
the mature adherens junctions was found to undergo a turnover that 
was rate-limited by endocytosis. Moreover, the inhibition of endocytosis 
by dynasore or MiTMAB resulted in little fluorescence recovery after 
photobleaching, indicating that endocytosis is a critical process for the 
disassembly of adherens junctions. The endocytosis of E-cadherin 
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requires actomyosin contractility, which is activated through the Rho-
ROCK-MLC pathway [163]. These contractile signals were triggered by 
the translocation of Endo180-containing endosomes to the turnover 
sites of adherens junctions.
2.4.3 α-catenin and its role in mechano-transmission
Similar with focal adhesions, the regulation between adherens 
junctions and actin cytoskeleton is bidirectional. On one hand, 
adherens junctions were demonstrated by nano mechanical 
measurements to transmit the external force from cell-cell contacts to 
F-actin [164]. Moreover, the intercellular force was found to coincide 
with the accumulation of vinculin, which eventually potentiates cells to 
sense forces by varying the local structure of actin cytoskeleton [122]. 
On the other hand, the application of a FRET-based tension sensor 
revealed that E-cadherin is under constitutive tension exerted by actin 
cytoskeleton mediated by α-catenin [165]. This tension on E-cadherin 
is further increased when E-cadherin localizes at cell-cell contacts.
α-catenin has been identified as the linker between adherens 
junctions and actin cytoskeleton, enabling the force transmission in 
between [166]. As an allosteric protein, two configurations of α-catenin 
exist in cells: monomer and dimer. Investigated by in vitro affinity 
assays, monomeric α-catenin preferentially binds to adherens junctions 
via β-catenin [151]. This result was further confirmed by the study of α-
catenin in dynamic morphogenetic processes of Drosophila [159]. 
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Monomeric α-catenin acts as a critical mechanotransmitter between β-
catenin and actin cytoskeleton, whereas α-catenin dimers are kept in 
cytoplasm.
2.4.4 The crosstalk between adherens junctions and cell-ECM 
adhesions
As anchor points and environmental sensors of cells, focal 
adhesions and adherens junctions both connect to actin cytoskeleton 
and interact with actomyosin contractility [75, 112, 150]. This leads to a 
notion that cell-ECM adhesions may influence cell-cell junctions via the 
route of focal adhesion — actomyosin contractility — adherens 
junction.
The strength of adherens junctions was reported by Sylvie 
Dufour’s group to be regulated by the stimulation of integrins [167]. The 
separation force of epithelial cell doublets measured by a dual pipette 
assay was found to increase when cell doublets bound to fibronectin-
coated beads, comparing to the ones bound to passivated beads. This 
modulation was discovered to require the ROCK-mediated actomyosin 
contractility, suggesting the transmissive role of actomyosin contractility 
in the crosstalk between cell-ECM adhesions and cell-cell junctions. 
The quantitative analysis of the forces at cell-cell contacts and cell-
ECM adhesions was carried out in the epithelial doublets cultured on 
micro-pillar arrays, where the cellular traction force on ECM can be 
easily calculated [168]. Based on the equilibrium theory, the force at 
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cell-cell contacts was estimated to be 100 nN, which was correlated 
with the cellular traction force on ECM. This indicates that the tension 
sustained at cell-cell contacts may be a fraction of the cellular traction 
force on ECM and subject to the modulation by cell-ECM adhesions.
Since the force at cell-cell contacts could promote the turnover 
of adherens junctions [163], the dynamics of adherens junctions were 
suspected to be inhibited by cell-ECM adhesions. The first evidence 
came from the epithelial MCF-7 cells cultured on the substrate, which 
was micro-patterned with fibronectin islands surrounded by E-cadherin 
[169]. The interaction of these adenocarcinoma cells with fibronectin 
damped their responses to E-cadherin. To further illustrate this 
inhibitory effect of cell-ECM adhesions on the dynamics of adherens 
junctions, Manuel Thery’s group followed the localization of GFP-
conjugated E-cadherin in the epithelial cell doublets cultured on the 
substrate microprinted anisotropically with fibronectin [170]. E-cadherin 
molecules were found to remain stable at the places without ECM 
underneath, whereas seldom E-cadherin located at the positions above 
ECM due to a faster movement of E-cadherin herein. 
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3. Significance and Objectives
Bile canaliculi (BC) formed between adjacent hepatocytes in 
liver constitute the structural basis of xenobiotics elimination via 
secreting bile and expelling metabolic wastes out of liver [7]. The 
severe liver diseases, such as cholestasis, can be caused by the 
failure of BC and bile duct. Without the BC network, bile would leak into 
and concentrate in the blood vessels to poison hepatocytes and liver 
[8]. Responsible for most of liver-specific functions, hepatocytes have 
been utilized commonly as model cells for drug-testing in vitro, where 
the long-term culture of hepatocytes is desired but not feasible [6]. 
Thus, keeping hepatocytes healthy and functional is the primary 
challenge for bioengineers and clinicians. It has been well 
acknowledged that the mature and connective BC network, the 
hallmark of hepatic polarity, is essential for hepatocyte survival, since 
the prosperous bile secretion and expedite bile flow can facilitate 
hepatic detoxification [15]. Thus, the in-depth investigation of BC could 
not only get a better understanding about the dynamics and 
morphogenesis of this hepatic intercellular structure, but also provide a 
comprehensive guidance for designing in vitro drug-testing platforms of 
hepatocytes.
One of the fundamental questions about BC is how BC grow, in 
other words, how the volume of this hepatic intercellular structure is 
regulated. Though suspected to drive he bile flow, the BC contraction 
was found to accompany with the BC growth during liver regeneration 
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after partial hepatotomy, implying that BC contractions, characterized 
by a volume decrease, might be involved in a negative regulation of BC 
growth [171]. Thus, the study of BC contraction could be a great 
starting point to elucidate the mechanism behind BC growth. BC 
contraction was reported to require actomyosin contractility and bile 
secretion [13, 172]. However, the dynamics of F-actin and myosin II, as 
well as the interplay between actomyosin contractility and bile secretion 
are still unknown. 
Another essential process during BC network establishment is 
the BC morphogenesis. BC have to elongate and form tubular 
structures before they can be fused with each others into a connective 
network [4, 65]. This anisotropic morphogenesis was conjectured to be 
induced by cell-ECM adhesions, because the hepatocytes in collagen 
sandwich generate tubular BC [65], whereas the BC remain spherical 
in spheroid culture deprived of ECM [17]. ECM was predicated to align 
hepatocytes during liver regeneration after chemical damage [173]. 
The native ECM generated by hepatocytes was implied to promote the 
BC remodeling of HepG2 cells [174]. However, the lack of solid 
evidences rendered these results as general descriptions and the 
effect of ECM on BC morphogenesis remains unclear. Especially, more 
investigations are needed for the roles of actomyosin contractility and 
adherens junctions, as they are critical parts of the hepatic polarized 
structure. 
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To answer these fundamental questions about BC dynamics and 
morphogenesis, three specific aims of this thesis were formulated and 
outlined in the following section. 
3.1 Specific aim 1: to decipher in real time the interplay between 
bile secretion and actomyosin contractility during the cycle of bile 
canaliculi growth and contraction 
Hypothesis:
The interplay between bile secretion and actomyosin contractility 
drives the dynamic cycle of BC growth and contraction.
Experimental designs:
• Monitor the actin dynamics and the myosin II activity around BC 
in sandwich culture by transfecting and expressing the F-actin 
and MLC proteins conjugated with fluorescent tags.
• Follow the bile secretion into BC by fluorescent bile acids.
• Analyze the variation of BC volume after interrupting actomyosin 
contractility or promoting bile secretion.
3.2 Specific aim 2: to reveal the effect of cell-ECM adhesions on 
bile canaliculi morphogenesis and the role of actomyosin 
contractility in this process
Hypothesis:
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BC morphogenesis is regulated by cell-ECM adhesions via 
modulating the intercellular stress originated from the actomyosin 
contractility.
Experimental designs:
• Build a hepatocyte-doublet culture system capable of organizing 
3D ECM presentation. 
• Compare BC morphologies in microwells with different spatial 
organizations of ECM.
• Analyze BC morphologies after the abolishment of actomyosin 
contractility or the addition of physical constraints.
• Knock-down α-catenin and capture the corresponding variation 
of BC morphology.
• Build and verify the model to recapitulate BC morphogenesis 
regulated by cell-ECM adhesions.
3.3 Specific aim 3: to manipulate bile canaliculi elongation by 
modulating the properties of culture substrates
Hypothesis:
The properties of culture substrates could control BC elongation 
via varying the strength of cell-ECM adhesions.
Experimental designs:
• Monitor BC and cell-ECM adhesions in sandwich culture during 
the recovery from actomyosin abolishment.
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• Analyze the length of BC on substrates coated by different 
concentrations of ECM.
• Calculate the length of BC on ECM-micropatterned substrates.
• Compute the directionality of BC on micro-grated substrates. 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4. Materials and Methodology
4.1 The preparation and culture of primary hepatocytes
Hepatocytes were isolated from male Wistar rats by a two-step 
in situ collagenase perfusion method, as described in [59]. Animals 
were handled according to the IACUC protocol approved by the IACUC 
committee of National University of Singapore. With a yield of >108 
cells/rat, the viability of hepatocytes was tested to be >90% by Trypan 
Blue exclusion assay. 
The isolated primary rat hepatocytes were cultured in William’s 
E culture medium supplemented with 2 mM L-Glutamine, 1 mg/ml BSA, 
0.3 μg/ml of insulin, 100 nM dexamethasone, 50 μg/ml linoleic acid, 
100 units/ml penicillin, and 100 mg/ml streptomycin, all of which were 
purchased from Aldrich-Sigma in Singapore. Cells were incubated with 
5% CO2 at 37°C and 95% humidity. Culture medium was changed on a 
daily basis.
4.2 The preparation of culture platforms and cell seeding
4.2.1 Sandwich culture
For the sandwich culture of primary hepatocytes, the bottom 
substrate was coated with collage or fibronectin by incubating the 
diluted solution of ECM for 3 hours at 37°C. The excessive solution of 
ECM was aspirated and the substrate was rinsed by 1 mL PBS for 3 
times. Collagen (5005, Advanced BioMatrix) was diluted by 0.01 M 
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hydrochloride. Fibronectin (F1141, Aldrich-Sigma) was diluted by PBS 
to the concentration of 10 µg/ml for coating the substrate. 
For 24-well plates, 0.2 million hepatocytes were seeded with 0.5 
mL culture medium, whereas 1 million cells were seeded in the 35 mm 
dish with 2 mL medium. The culture dish or plate was shaken to 
distribute cells evenly. The unattached cells were rinsed off by PBS 3 
hours after cell seeding. Then the fresh culture medium was added.
Hepatocytes were cultured overnight before they were overlaid 
by the neutral collagen. The 1.5 mg/mL neutral collagen was obtained 
by mixing the 3 mg/ml acidic collagen equally with the neutralizing 
solution. This solution was formulated by 1 part of sodium hydroxide, 1 
part of 10X PBS, 6 parts of 1X PBS. The working concentration of the 
neutral collagen is 0.5 mg/mL by diluting the 1.5 mg/mL neutral 
collagen with the culture medium. The neutral collagen (250 µL for 24-
well plates and 1 mL for 6-well plates) was added after cells were 
rinsed by PBS. After a 3-hour incubation, the collagen became a layer 
of gel and culture medium was added gently. 
4.2.2 Microwell system
As described in Chapter 6, the membrane of microwells was 
placed onto the 12 mm glass of a 35 mm dish (3931-035, Iwaki). 0.5 
million hepatocytes were seeded with 2 mL medium into microwells. 
The unattached cells were rinsed off by PBS after 30 minutes. The 
cells left in microwells were incubated in medium for 30 minutes to fulfill 
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the space of microwells. Then another 0.5 million hepatocytes were 
seeded and incubated for 30 minutes before rinsed by PBS. 2 mL 
culture medium was replenished after the rinse. 
4.2.3 Micro-patterned substrates
The adhesive circular islands on 15-mm coverslips were 
fabricated according to [175]. Briefly, a PDMS stamp with micropillars 
was micro-moulded from a textured wafer with microwells. The stamp 
was placed onto a flat PDMS surface and the space between 
micropillars was filled with NoA, a UV curable polymer. A 30-second 
exposure at 300 W/cm2 is enough for the formation of a solid film with 
through holes (100 µm in height and 500 µm in diameter). The stamp 
was subsequently peeled. The aqueous solution of 10 µg/mL 
fibronectin was added to coat the place uncovered by the film. The air 
bulbs inside the microwells were expelled by vacuuming the system for 
10 minutes. The coverslip was incubated with the fibronectin solution at 
37°C for 1 hour. Then the film was peeled after rinsed by PBS and air-
dried. The place covered by the film was passivated by a 1-hour 
incubation of 0.2% pluronic acid. After the coverslip was rinsed by PBS, 
0.2 million cells were seeded with 0.5 mL medium. The unattached 
cells were rinsed off by PBS 3 hours after cell seeding. Then the fresh 
culture medium was added.
4.2.4 Micro-grated substrates
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The micro-grated PDMS substrate was micro-moulded from a 
textured wafer with micro-grates. The micro-grated PDMS was placed 
in a well of a 24-well plate and incubated with 10 µg/mL fibronectin at 
37°C for 3 hours. After the PDMS was rinsed by PBS for 3 times, 0.2 
million cells were seeded with 0.5 mL medium. The unattached cells 
were rinsed off by PBS 3 hours after cell seeding. Then the fresh 
culture medium was added.
4.3 Transfection and the following assays
4.3.1 Electroporation 
The electroporation of primary rat hepatocytes was done to 
follow the molecular dynamics at BC using 100-µL Neon transfection 
system (MPK10096, Life Technology). The 35-mm dish with a 27-mm 
glass (3930-035, Iwaki) was coated with 1.5 mg/mL acidic collagen for 
the sandwich culture of the transfected hepatocytes. After rinsed by 
PBS, the culture dish was filled with 2 mL transfection medium. The 
transfection medium is the William’s E medium supplemented with 5% 
fetal bovine serum (from Gibco) but devoid of antibiotics. 
For each transfection, 1.2 million hepatocytes were aliquoted. 
Hepatocytes mixed with PBS were centrifuged for 3 minutes at 50g. 
The supernatant was sucked up. The cells were rinsed and packed 
again. After all the supernatant was aspirated, 100 µL R solution was 
added and mixed with cells gently. The plasmids (2 µg for RFP-Ftractin 
or 2 µg for GFP-MLC or 1 µg for GFP-PM, courtesy from Prof. 
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Alexander Bershadsky) were then mixed with cells gently. 3 mL E2 
solution was added into the transfection chamber. The transfection 
program was set at 850 V for Voltage, 30 V for Width and 2 times for 
Pulses. After the transfection, the cells were translocated into the 
culture dish and incubated in the transfection medium for 4 hours. Then 
the cells were rinsed by PBS and the culture dish was filled with 2 mL 
normal William’s E medium. The collagen overlay was done 12 hours 
after the transfection. 
4.3.2 Live imaging
For the non-transfected hepatocytes, the volume variation of BC 
in sandwich culture was followed by DIC microscopy. 1 million cells 
were seeded on the 35-mm plastic culture dish (NuncTM, Thermo 
Scientific) coated with 1.5 mg/ml acidic collagen. Before live-imaging 
the cells, the medium with or without drags was replenished. The DIC 
images of BC were taken every 2 minutes with Nikon biostation 
system. 
For the transfected hepatocytes, the molecular dynamics at BC 
in sandwich culture was monitored by the confocal spinning disk 
microscope from Perkin Elmer. The medium with or without drags was 
replenished before live imaging. The fluorescent images of F-actin and 
MLC at BC were taken every 2 minutes, whereas the images of 
membrane and F-actin of blebs were taken every 5 seconds. 
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CLF (451041, BD) and the confocal spinning disk microscope 
were used to monitor the bile accumulation of BC in sandwich culture. 
1 million cells were seeded on the 27-mm glass of a 35-mm dish 
coated with 1.5 mg/mL acidic collagen. 5 µM CLF in medium was 
incubated with cells for 30 minutes and the medium was replenished 
before imaging. The fluorescent images of CLF in BC were taken every 
2 minutes.
All these experiments were carried at day 2 after cell seeding.
4.3.3 Liposome transfection
The lipofectmin 2000 system (11668-019, Life Technology) was 
used to knock-down α-cantenin of hepatocytes in microwells. The first 
transfection of 100 nM α-catenin siRNA (L-091597-02-0005, 
Dharmacon) or 100 nM scramble siRNA (D-001810-10-05, 
Dharmacon) was carried 3 hours after cell seeding. For one 
transfection in a 35-mm dish, the transfection mixture of 5 µL siRNA 
and 12.5 µL lipofectmin reagent was prepared as described in the 
manufacturer’s protocol. This transfection mixture was incubated with 
the cells for 24 hours and the second transfection was then carried to 
ensure the knocking-down effect. The downstream assays were 
executed 24 hours after the second transfection. 
4.3.4 Quantitative polymerase chain reaction
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To verify the effect of α-catenin knocking-down, the α-catenin 
expression of the hepatocytes transfected with α-catenin siRNA or 
scramble siRNA was quantified by the Quantitative polymerase chain 
reaction (qPCR). Total RNA was isolated using the RNeasyTM Micro kit 
(from QIAGEN) according to the manufacturer’s protocol. RNA 
concentration was measured with a Nanodrop (Thermo Fisher 
Scientific), and first-strand cDNA synthesis was carried out using a 
Superscript III reverse transcriptase kit (Life Technologies).
qPCR with SYBR green was used to confirm the α-catenin 
knockdown, performed using the All-in-Onet qPCR Mix (GeneCopoeia, 
USA) with the following primers: α-catenin F: TCT CTA CTG CCA CCA 
GCT CAA C, R: AAG CCA TCC CCT GTG ACT TCT (Qiagen, Venlo, 
The Netherlands). ACTIN: Mm00487499 (Life Technologies). Non-
template controls were included in each run, and the melt curve 
analysis was performed at the end of each run to confirm the specificity 
of the reaction.
Triplicate reactions were performed for each cDNA sample. The 
analysis of gene expression values was performed using the relatively 
quantitative !!CT method. Transcript levels were first normalized to the 
housekeeping gene ACTIN, and expressed as the relative level to that 
of the non-transfected hepatocytes.
4.4 Drug treatment
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For immunostaining, 20 µM Y27632 (Y0503, Sigma) was 
incubated with hepatocytes for 4 hours before fixation. The treatment of 
250 µM soluble RGD (G5646, Sigma) was started 12 hours before 
fixation. 100 µM blebbistatin (203390, Merck) was incubated with 
hepatocytes in microwells for 4 hours or in sandwich culture for 90 
minutes before fixation. 
For live imaging, 100 µM blebbistatin or/and 200 µM UDCA 
(U5127, Sigma) were added to hepatocytes just at the beginning of 
imaging. 
4.5 Assays to characterize hepatocytes and bile canaliculi  
4.5.1 Hepatocyte viability test
Hepatocyte viability was assessed daily with propidium iodide 
(81845, FLUKA), a dye could only stain the dead cells. 5 μM PI in 
medium was incubated with hepatocytes in microwells for 30 minutes 
at 37°C. After rinsed with PBS, the stained cells were kept in culture 
medium and observed under the wide-field EVOS microscope (Life 
Technology). The viability ratio was calculated as the number of 
microwells with dead cells over the number of all microwells.
4.5.2 Bile canaliculi secretory function assay
BC secretion was assessed daily with CLF, a dye could only be 
secreted into functional BC, where it becomes fluorescent. 5 μM CLF in 
culture medium was incubated with hepatocytes in microwells for 30 
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minutes in 37°C. After rinsed with PBS, the stained cells were kept in 
medium and observed under the wide-field EVOS microscope. 
Functional BC ratio was calculated as the number of microwells with 
functional BC over the number of all microwells.
4.5.3 Immunostaining
Hepatocytes in any system were fixed on day 2 with 4% PFA for 
30 minutes at 37°C. After fixation, the cells were rinsed by PBS and 
permeabilized for 30 min in TBST (0.1% Triton-X in tris buffered saline). 
Triton-X was purchased from Aldrich-Sigma. The permeabilized cells 
were blocked with 1% BSA in TBST for 4 hours at 4°C. The blocked 
cells were incubated overnight with primary antibodies at 4°C. After 
rinsed with TBST, the cells were incubated with secondary antibodies 
(A10040 and A31571, Life Technology) and Alexa Fluor 488 phalloidin 
(A12379, Invitrogen) for 1 hour in dark at room temperature. After 
rinsed with TBST again and incubated for 5 minutes with DAPI (D9564, 
Sigma), cells were rinsed and mounted in the mounting medium 
(S3023, DAKO). The 3D image stacks were acquired with 100X NA1.4 
oil lens on a Nikon A1R Confocal Microscope. 
Pan-cadherin antibody (C1821, Sigma), ZO-1 antibody 
(61-7300, Life Technology), MRP2 antibody (M8316, Sigma), pMLC 
antibody (3675, Cell Signaling Technology) are the primary antibodies 
used in this thesis.
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4.6 Image processing 
4.6.1 Bile canaliculi area and the molecular dynamics at bile canaliculi
The slices across BC in the 3D image stack were selected and 
reconstructed by the maximum intensity projection. Based on the F-
actin signal, the contour of BC at each time point was extracted 
manually using Imaris (from Perkin Elmer). The width of the contour 
was set at 1 µm. The BC area as well as the mean intensities of F-actin 
and MLC at BC was calculated for each frame based on the BC 
contour. 
4.6.2 Bleb size and the molecular dynamics of blebs
The blebbing membranes of BC were cropped out to facilitate 
the further analysis. The membrane signal was binarized based on the 
intensity of the membrane signal using ImageJ (from National Institutes 
of Health). The size of the bleb was demonstrated by the length of the 
blebbing membrane, which was represented by the pixel number of the 
membrane signal. The actin cytoskeleton integrity was indicated by the 
F-actin intensity along the blebbing membrane. The size of the bleb 
was measured manually using ImageJ, when the F-actin signal started 
to appear at the blebbing membrane. 
4.6.3 Bile accumulation in bile canaliculi
The slices across BC in the 3D image stack were selected and 
reconstructed by the maximum intensity projection. The resultant 
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images were binarized based on the CLF intensity. The place with the 
CLF signal represented BC, based on which the BC area and the CLF 
intensity were computed. 
4.6.4 Folding index and swelling index of bile canaliculi
To quantify the tortuosity of BC, the slices across BC in the 3D 
image stack were selected and projected to the cell-cell contact plane 
of the hepatocyte doublet based on the maximal intensity. The BC 
contour was determined manually by the F-actin intensity along the BC 
membrane, based on which the perimeter (P) and area (A) of BC were 
extracted. The folding index fi = P2 / 4πA was used to characterize the 
degree of BC folding within the cell-cell contact plane.
To quantify the swelling of BC, the slices across BC in the 3D 
image stack were selected and reconstructed into the orthogonal 
section view using Imaris. The characteristic BC extensions along (lhor) 
and orthogonal (lver) to the cell-cell contact plane were measured 
manually based on the F-actin intensity. The swelling index si = lver / lhor 
was used to characterize the BC swelling orthogonally to the cell-cell 
contact plane.
4.6.5 Normalized molecular accumulations at bile canaliculi
To quantify the accumulations of F-actin, pMLC and MRP2 at 
BC, 3 random slices across BC in the 3D image stack were selected 
for the further analysis. For each slice, the BC contour was determined 
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manually according to the F-actin intensity. The width of the BC contour 
was set at 1 µm, based on which the mean intensity of F-actin, pMLC 
or MRP2 was calculated. The accumulation of pMLC or MRP2 was 
normalized by its mean intensity in the cytoplasm. The accumulation of 
F-actin was normalized by its mean intensity along the cortical 
membrane.
4.6.6 Average morphology of bile canaliculi
The slices across BC in the 3D image stack were selected and 
reconstructed by the maximum intensity projection. The BC area was 
manually segmented and binarized according to the F-actin signal 
along BC. Multiple BC were aligned according to the microwell 
boundary and overlaid by the mean intensity projection. The resultant 
image was color-coded into a heat map, which represented the 
average BC shape. 
4.6.7 Typical extension and angle of bile canaliculi in F/P microwells
The image stack was reconstructed into the orthogonal section 
view using Imaris. Two orthogonal section images orthogonally to the 
cell-cell contact plane were selected from the middle of the microwell 
for the further quantification. The angles at the BC edges and the 
typical BC extensions were measured manually according to the F-
actin signal along BC. 
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4.6.8 Bile canaliculi length and directionality
To quantify the BC length of hepatocytes cultured on flat 
substrates, the slices across BC in the 3D image stack were selected 
and reconstructed by the maximum intensity projection. According to 
the BC contour depicted by the F-actin signal, the BC length was 
measured manually.
To quantify the BC directionality on the micrograted substrate, 
the slices across BC in the 3D image stack were selected and 
reconstructed by the maximum intensity projection. The BC area was 
then segmented using ImageJ according to the F-actin signal. The BC 
in the resultant binary image was further skeletonized using ImageJ. 
The directionality of these BC skeletons were further analyzed with 
ImageJ to demonstrate the preferential direction of the BC elongation 
on the micrograted substrate. 
4.7 Statistical analysis
All experiments were repeated with hepatocytes from at least 3 
different rats. Linear fitting of the data was performed by Origin 8. The 
frequency histograms and the polar histograms were created by Origin 
8. The paired student t-test was used to analyze the statistical 
significance of the difference between two groups of data from the 
same samples. The unpaired student t-test was used to analyze the 
statistical significance of the difference between two different groups. 
Values with p < 0.05 were considered statistically significant. 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5. The interplay between actomyosin contractility and bile 
secretion controls the volume of bile canaliculi.
5.1 Introduction
As the apical domains of polarized hepatocytes, bile canaliculi 
(BC) form and grow within cell-cell contacts [5]. The failure of 
canalicular growth leads to an accumulation of metabolic waste and 
xenobiotics inside hepatocytes, consequently deteriorating hepatic 
viability and functions [24]. The canalicular volume gradually increases 
during BC growth in a coordinated manner; however, the mechanisms 
regulating this growth are not clear. A regular cycle of BC expansion 
and contraction has been observed in isolated hepatocyte doublets 
[64]. Thus, this canalicular dynamic cycle could serve as a useful 
model to probe the mechanisms regulating BC growth. 
Using time-lapse cinephotomicro-graphy, the premature BC in 
isolated rat hepatocytes were reported to possess a regular cycle: a 
60-second contraction and a latent expansion interval for 
approximately 5.5 minutes [64]. The enrichment of F-actin and myosin 
II at the BC was discovered by immunostaining, leading to the 
speculation that actomyosin contractility might contribute to the force 
that contracts the BC [63]. The involvement of actomyosin contractility 
was demonstrated by abolishing BC contraction after the addition of 
cytochalasin, a small molecule that disrupts F-actin [97]. Ca2+ 
microinjection into isolated hepatocyte couplets can rearrange 
actomyosin filaments at the BC and trigger BC contractions [99] in a 
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MLCK-dependent manner[100]. This further suggested that actomyosin 
contractility plays an important role in BC contractions.
Between two sequent spontaneous contractions, BC expand 
and gain a certain volume [64]. Bile secretion together with water was 
suspected to account for this canalicular expansion because they are 
the major constituents in the canalicular lumen [31, 176]. This notion 
was supported by the findings that some choleretic bile salts could 
stimulate bile secretion and facilitate BC elongation [42, 177]. 
Furthermore, the disruption of bile transporters in WIF-B9 cells 
prevented BC formation [178]. These results suggest that bile secretion 
is involved in BC growth. 
Though bile secretion and actomyosin contractility have been 
identified as the critical players in BC dynamics, how these two factors 
coordinate to regulate BC growth is still unclear. One challenge 
inaddressing this question is the lack of techniques to follow 
actomyosin contractility or bile secretion in real time. This is important 
because the cycle of BC expansion and contraction is a dynamic 
process. Additionally, because isolated hepatocyte doublets can only 
maintain BC in a premature state for no more than 8 hours, this model 
is insufficient for long-term analyses. 
In this chapter, we aimed to decipher the interplay between bile 
secretion and actomyosin contractility and to examine how it regulates 
BC growth. The sandwich culture system was used because BC in this 
model can recapitulate the mature tubular shape. We monitored the 
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dynamics of actomyosin contractility and bile secretion during the cycle 
of BC expansion and contraction via fluorescent live imaging. Bile 
secretion and actomyosin contractility were varied respectively to 
elucidate their specific roles in the regulation of BC growth.
5.2 Results
5.2.1 A regular pattern of actomyosin contractility during the cycle of 
BC expansion and contraction.
 
Figure 5. Actomyosin contractility displays a regular pattern during the cycle of 
BC expansion and contraction.
The time-lapsed images of F-actin and MLC are listed in the left panel. The first BC 
contraction occurred at 10 minutes and the second one at 120 minutes. The red 
arrows indicate the canalicular membrane protrusions. The quantification of BC area 
and peri-canalicular actomyosin contractility is demonstrated in the right panel. The 
cycle of BC expansion–contraction could be divided into 3 phases. The profiles of F-
actin and MLC were similar. 
To illustrate the role of actomyosin contractility in BC dynamics, 
we followed F-actin and MLC molecules by conjugating them with 
fluorescent tags. Plasmids expressing GFP-MLC and RFP-Ftractin 
(labels F-actin only) were transfected into hepatocytes before cell 
seeding in sandwich culture. The dynamics of F-actin and MLC were 
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monitored by live imaging at 48 hours after cell seeding, when BC 
display a regular cycle of growth and contraction.
As shown in Figure 5, the dynamics of F-actin and MLC were 
similar and we used F-actin intensity as a marker to represent 
actomyosin contractility in the following sections. Based on BC area 
and F-actin intensity, the cycle of BC expansion and contraction could 
be divided into three phases: the expansion phase when BC area and 
F-actin intensity both increase, the plateau phase when BC area 
continues to increase until reaching a plateau whereas F-actin slowly 
accumulates, the contraction phase when BC area drops due to BC 
contraction and F-actin intensity declines after a massive peak. This 
regular pattern of F-actin and MLC accumulation at BC membrane 
indicated that the actomyosin contractility is intimately involved in BC 
dynamics.
Interestingly, local canalicular membranes were found to 
protrude from BC into hepatic cytoplasm and displayed a high 
accumulation of F-actin and MLC. These canalicular membranes 
protrusions mainly started from plateau phase and lasted till BC 
contractions. There are two possible explanations for the origins of 
these canalicular membrane protrusions: endocytosis or blebbing. We 
will examine it in detail in the following section.
5.2.2 The canalicular membrane protrusions resemble the blebs found 
in cytokinesis and ameboid migration.
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To describe canalicular membrane protrusions comprehensively, 
we transfected GFP-PM (specific plasma membrane marker) and RFP-
Ftractin into hepatocytes. The dynamics of F-actin and membrane 
during canalicular membrane protrusions were imaged every 5 
seconds.
 
Figure 6. The canalicular membrane and F-actin display differential dynamics 
during blebbing.
(A) The fluorescent image to depict the canalicular membrane and F-actin at BC. 
Green stands for the canalicular membrane and red for F-actin. The dashed box 
indicates the place of blebbing. Scale bar = 1 µm. (B) The time-lapsed images of 
canalicular membrane and F-actin during blebbing. Green stands for the canalicular 
membrane and red for F-actin. The white arrowheads indicate the empty canalicular 
membrane at the early stage of blebbing. Scale bar = 1 µm. (C) The quantification of 
F-actin intensity and the membrane length along the bleb. Red line is the F-actin 
intensity profile and green line indicates the length of the blebbing membrane. The 
dashed line represents the time when the empty canalicular membrane protrudes. 
This is after a disruption of the F-actin cytoskeleton, reflected by a decrease of F-
actin intensity.
The dynamics of F-actin was different from the ones of the 
canalicular membrane during its protrusion. Before the membrane 
protrusion took place, there was a slight decrease of F-actin intensity 
along the budding membrane, indicating a local disruption of F-actin 
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cytoskeleton. After this F-actin disruption, the membrane budded into 
the cytoplasm with little F-actin signal. Five seconds later, F-actin 
accumulated along this empty membrane and the whole protrusive 
membrane started to retract back. These distinctive features of 
canalicular membrane protrusions resembles the ones of the blebs 
discovered in cytokinesis and ameboid migration, which are resulted 
from the imbalance of the cytosolic hydrostatic pressure and the 
cortical actomyosin contractility [101, 102]. This similarity suggests that 
the interplay between the peri-canalicular actomyosin contractility and 
the canalicular osmotic pressure regulates the dynamics of BC.
5.2.3 The abolishment of actomyosin contractility keeps bile canaliculi 
in expansion phase and prevents blebs.
To further investigate the role of actomyosin contractility, we 
abolished the myosin II activity by blebbistatin and followed the 
consequent changes of BC and F-actin dynamics. Instead of the 
regular cycle, the peri-canalicular F-actin intensity as well as BC area 
continuously increased over 4 hours, just as the expansion phase in 
the control condition. Furthermore, blebs and BC contractions were 
prevented by the abolishment of actomyosin contractility. These results 
indicated that actomyosin contractility is required for the transition from 
the expansion phase to the plateau phase and serves as a sensor of 
the canalicular osmotic pressure to trigger blebbing. F-actin 
accumulation along with BC expansion is not interrupted by the 
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abolishment of myosin II activity, implying that peri-canalicular F-actin 
polymerization might be the primary factor responding to the 
canalicular osmotic pressure.
 
Figure 7. The loss of actomyosin contractility drives the bile canaliculi 
expansion and abolishes blebs.
The time-lapsed images of F-actin around BC after the blebbistatin treatment are 
listed in the left panel. BC continues to expand without any blebs. Scale bar = 5 µm. 
The quantification of BC area and the peri-canalicular F-actin intensity is 
demonstrated at the right panel. Both of BC area and the F-actin intensity increase 
after the blebbistatin treatment. The red line indicates the peri-canalicular F-actin 
intensity and the blue line stands for BC area.
5.2.4 Bile starts to accumulate in canaliculi before its expansion and is 
released during contractions.
The generation of blebs suggests that bile secretion may drive 
BC expansion. To test it, bile concentration was monitored using CLF, a 
fluorescent bile salt secreted into BC via MRP2 [179].
The bile accumulation inside BC is also regular and periodic 
along with the cycle of BC expansion and contraction. Bile begins to 
accumulate before the expansion phase, suggesting that bile secretion 
might drive the BC expansion. At the plateau phase, CLF intensity 
drops slowly and increases again due to unknown reasons. 
Represented by a sudden decline of CLF intensity, bile is released from 
canalicular lumens by BC contractions. This evidence indicates that BC 
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contractions release the canalicular osmotic pressure built by bile 
secretion.
 
Figure 8. The accumulation of bile salts precedes the bile canaliculi expansion. 
The time-lapsed images of CLF inside BC are listed in the left panel. Two BC 
contractions as indicated by the red arrowheads happened at 33 minute and 75 
minutes with a sudden decline of CLF intensity. Scale bar = 5 µm. The quantification 
of BC area (green) and the CLF intensity (red) is demonstrated at the right panel. The 
accumulation of bile salts precedes the expansion phase and is released at the 
contraction phase.
5.2.5 Accelerating bile secretion increases the size of blebs and 
speeds up the canalicular expansion cased by the abolishment of 
actomyosin contractility.
The blebs at BC are the result of the local imbalance of 
actomyosin contractility and osmotic pressure. Thus, accelerating bile 
secretion may increase the size of blebs. To elucidate the role of bile 
secretion in BC dynamics, we stimulated bile secretion by a choleretic 
bile salt, UDCA [177]. Then the sizes of the blebs in control and UDCA-
treated BC were analyzed and compared. 
About 92% of the blebs in the control condition are less than 1 
µm2, while only ~20% in the UDCA-treated BC are in this range. The 
rest of the blebs in control present an area of 1 ~ 2 µm2. However, 
more than 35% of the blebs in the UDCA-treated BC were larger than 2 
µm2. Thus, it is conclusive that the acceleration of bile secretion results 
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in bigger blebs. These results suggest the causative role of bile 
secretion in the bleb generation and BC dynamics. 
 
Figure 9. Stimulating bile secretion leads to larger blebs.
The typical examples of blebs in control or UDCA treated condition are listed at the 
right panel. The red arrows indicate the blebs. Scale bar = 5 µm. The frequency 
histogram of the bleb size is represented at the right panel. Most of the blebs of the 
UDCA-treated BC are larger than 1 µm2, whereas 92% of the blebs in control BC are 
smaller than 1 µm2.
This was further confirmed by the quantification of BC 
expansions with or without UDCA after the actomyosin abolishment. 
BC are still able to expand under the treatment of blebbistatin, 
indicating that the loss of actomyosin contractility does not affect the 
bile secretion. Therefore, we hypothesized that promoting bile 
secretion could accelerate the BC expansion when actomyosin 
contractility is abolished. 
The BC expansion under the treatment of blebbistatin was 
followed by DIC microscopy. Over a period of 80 minutes, the BC area 
increased to ~160% without the treatment of UDCA. Meanwhile, the 
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BC with UDCA were 4 times larger than its original state. This suggests 
that UDCA stimulates bile secretion and results in a faster BC 
expansion after the treatment of blebbistatin. Together with the 
previous result of bleb sizes, we concluded that the bile secretion 
triggers blebs at BC and drives the BC expansion.
         
Figure 10. The acceleration of bile secretion leads to a faster canalicular 
expansion when the actomyosin contractility is abolished.
The time-lapsed images of the blebbistatin-caused BC expansions with or without 
UDCA are listed in the upper panel. The BC with UDCA expand faster than the ones 
without UDCA. The difference of the expansion rates is quantified in the bottom 
panel. Scale bar = 10 µm. 
5.3 Discussion
5.3.1 Water secretion by aquaporins into bile canaliculi
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In this chapter, we have shown that the bile secretion into 
canalicular lumen is the driving force for BC growth. During the BC 
growth between two sequent contractions, bile salts are quickly 
pumped into the canalicular lumen, which precedes the increase of the 
BC volume. However, the increased canalicular volume is actually 
resulted from the water secretion into BC in response to osmotic 
gradients majorly originated from the active transport of bile salts by 
BSEP and MRP2 [180]. This osmolarity-driven water secretion could be 
attributed to a transcellular route mediated by aquaporins, or to the 
paracellular leakage at cell-cell junctions. Using purified basal or apical 
membranes of hepatocyte, it was found that the canalicular membrane 
with aquaporin 8 displayed a high water permeability, which is even 
higher for the basal membrane with aquaporin 9 [181]. This result 
suggested that the transcellular transportation of water might be 
predominant and the water secretion into BC is the rate-limiting step. 
This was further supported by the results that the disruption of 
aquaporin 8 by RNAi or chemical blockers led to the failure of water 
secretion into canalicular lumen and the disappearance of BC [182]. 
5.3.2 The role of tight junctions in bile canaliculi dynamics
As an essential structure to segregate apical domains from 
lateral regions of polarized epithelial cells, tight junction is composed of 
the transmembrane proteins (claudin, occludin) to set the barriers and 
the cytosolic adaptors (ZO proteins) to link claudins and occludins with 
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actin cytoskeleton [183]. Tight junctions are required for BC formation. 
The knockdown of claudin-2 abolished the BC formation in WIF-B9 
cells [184]. 
During BC contractions, we have found a sudden decrease of 
BC volume and a decline of CLF intensity inside BC as shown in Figure 
8. These observations indicate the lose of the contents inside 
canalicular lumens as well as the exchange of the contents in BC with 
the external culture medium. Since these lumens are tightly sealed by 
tight junctions at the apical extremes of cell-cell contacts [5], the 
breakage of tight junctions has to take place during BC contractions. 
This leads to the speculation that the actomyosin contractility around 
BC increases to destabilize tight junctions. It could be further 
suspected that the tight junction breakage along with BC contractions 
could be essential for BC growth and morphogenesis, since the volume 
and the shape of BC are varied continuously in these processes.
5.3.3 The collective F-actin pulse during the bile canaliculi contraction
By quantifying BC area and actomyosin accumulation, we 
observed a massive increase of F-actin and MLC intensity during BC 
contractions as shown in Figure 5. There are two possible mechanisms 
to explain this peak of actomyosin contractility: the active contraction of 
BC or the passive leakage at cell-cell junctions. 
For the active mechanism, the peak of actomyosin contractility is 
presumably triggered by certain signals inside hepatocyte, and 
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consequently executes BC contraction. It is highly possible that calcium 
mediates this massive increase of actomyosin contractility, since 
calcium microinjection was shown to activate actomyosin contractility 
via MLCK and stimulate BC contraction [99, 100]. The calcium influx 
into cytoplasm could be caused by the blebs, where the canalicular 
membrane are stretched to open the calcium channels [185].
For the passive mechanism, the BC contraction is assumed as a 
consequence of the tight junction breakage. In this theory, the blebs 
reinforce the weaker parts of the actin cytoskeleton around BC by 
relaxing the osmotic pressure and recruiting more cytoskeletal 
materials locally. The reinforcement continues until the tight junctions 
around BC could no longer hold this increasing actomyosin contractility. 
The breakage of tight junctions enables the leakage from BC, which 
could be viewed as the BC contraction. Losing the anchors, the actin 
cytoskeleton tends to contract and concentrate, which is represented 
by the intensity peak of F-actin and MLC [186].
More experiments are needed to differentiate these two 
mechanisms. For example, the calcium signal could be monitored in 
real-time during the cycle of BC expansion and contraction using 
calcium indicators [187].
5.4 Summary
In summary, the sandwich culture and the live imaging technics 
enabled us to follow the molecular dynamics of BC. The roles of 
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actomyosin contractility and bile secretion were investigated in the 
dynamic cycle of BC expansion and contraction. Based on BC area 
and peri-canalicular actomyosin contractility, the cycle of BC expansion 
and contraction could be divided into three phases: the expansion 
phase, the plateau phase and the contraction phase. The blebs started 
to appear at the plateau phase and resembled the ones in cytokinesis 
and ameboid migration, indicating that the interplay between the 
canalicular osmotic pressure and the actomyosin contractility regulates 
BC dynamics. The abolishment of actomyosin contractility kept BC 
expanding, suggesting the actomyosin contractility is required for the 
bleb generation and the transition from the expansion phase to the 
plateau phase. The profile of bile accumulation in BC indicated the bile 
secretion drives the BC expansion by building up the osmotic pressure, 
which is released by BC contraction. This notion was further confirmed 
by the fact that stimulating bile secretion led to larger blebs and a faster 
blebbistatin-caused BC expansion. Thus, we revealed for the very first 
time that the interplay between the bile secretion and the actomyosin 
contractility controls BC dynamics.
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6. Intercellular stress modulated by cell-ECM adhesions regulates 
bile canaliculi morphologies
6.1 Introduction
Bile canaliculi (BC) quickly expand and adopt a tubular 
morphology after their formation [16]. This tubular shape enables BC to 
fuse with other canalicular lumens, so that an well-connected BC 
network could be established for xenobiotics elimination [4]. Thus, the 
anisotropic morphogenesis of BC is essential to sustain the health of 
hepatic cells.
The cell-ECM adhesions have been suspected to regulate BC 
morphology, because the extensive interaction between hepatocytes 
and ECM in sandwich culture correlates with tubular and elongated BC 
[16], whereas spherical BC were observed in spheroid culture deprived 
of cell-ECM adhesions [17]. Furthermore, the native ECM generated by 
hepatocytes was implied to promote the BC remodeling of HepG2 cells 
[174]. However, there has been few investigations on how cell-ECM 
adhesions influence BC morphogenesis, except for these descriptive 
observations. 
To sense the microenvironment mechanically, the actin 
cytoskeleton underlying the plasma membrane is linked to cellular 
adhesion structures such as adherens junctions and focal adhesions 
[112, 142]. The actomyosin contractility exerted by actin cytoskeleton 
regulates cell-ECM adhesions via modulating focal adhesion dynamics 
[112], meanwhile cell-ECM adhesions are able to influence actomyosin 
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contractility by varying local actin structure [122, 125]. The F-actin and 
myosin II were reported to concentrate at BC and participate in BC 
dynamics [13, 63]. Therefore, it is possible that the effect of cell-ECM 
adhesions on BC morphology is mediated by actomyosin contractility.
The similar bidirectional regulation was found between 
actomyosin contractility and adherens junctions [164][160], suggesting 
the regulatory role of adherens junctions in BC morphogenesis. Indeed, 
the elimination of E-cadherin and β-catenin from HepG2 cells led to an 
delayed BC formation that were defective in apical remodeling, though 
the tight junctions and hepatic polarity were still retained [155]. The 
dynamics of adherens junctions were also discovered to be modulated 
by cell-ECM adhesions [170]. Thus, more studies are needed to 
identify the role of adherens junctions in ECM-related regulation of BC 
morphogenesis.
The lack of the in-depth investigations on these problems may 
be caused by the incompetence of the existing hepatocyte culture 
platforms to precisely control the cell-ECM adhesions at cellular level 
[73, 188]. The massive culture of hepatocytes on a flat surface hinders 
the researchers to organize the ECM presentation in 3D, which is 
critical to probe the effect of cell-ECM adhesions. Therefore, the BC of 
hepatocyte doublets, together with a platform capable of organizing 
ECM in 3D, can serve as a good model here. 
In this chapter, we aim to reveal the mechanical effect of cell-
ECM adhesions on BC morphogenesis. The roles of actomyosin 
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contractility and adherens junction in this process would also be 
examined. To accomplish them, we developed a microwell platform to 
culture hepatocyte doublets, in which the 3D organization of ECM can 
be precisely controlled. We tested the effect of cell-ECM adhesions on 
BC morphogenesis by varying the 3D ECM organization. The 
intercellular stress, instead of the global myosin II activity, was 
discovered to mediate the effect of cell-ECM adhesions. Then we 
proposed a “clamping” model to explain our results and verified it 
experimentally. Finally, we demonstrated the transmissive role of α-
catenin in the ECM-related regulation of BC morphogenesis.
6.2 Results
6.2.1 Fabricating and characterizing microwell system
To organize in 3D the ECM adhesions of hepatocytes, we 
created a novel microwell system using the standard soft lithography 
method to fabricate a thin membrane (~30 µm) with through holes as 
shown in Figure 11A. A PDMS stamp was micro-moulded from a 
textured wafer with microwells. The stamp was placed onto a flat 
PDMS surface and the microwells were filled with NoA, a UV curable 
polymer. A thirty-second exposure at 300 W/cm2 is enough for the 
formation of a solid film that can be used as a sticker. The stamp was 
subsequently peeled. We then achieved three different 3D 
organizations of ECM: F/F, F/P, P/F, according to a Side/Bottom order. 
F stands for fibronectin and P for pluronic acid. The differential coating 
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was achieved as listed below using 10 µg/ml fibronectin and 0.2% 
pluronic acid solutions.
 
Figure 11. The fabrication and coating process of the microwell system. 
(A) Schematic representation of the microwell fabrication process. A PDMS stencil is 
fabricated using classical soft lithography process (step 1) and placed on a flat 
substrate. The gaps are filled by capillarity (step 2) with a UV prepolymer mix (NoA 
64). After UV curing, the stencil is removed and the NoA Membrane is incubated a 
solution of proteins that will eventually coat the sides of the wells (step 3-4). The 
membrane is rinsed, dried and flipped onto a glass slide coated with the protein to be 
localized at the bottom of the wells (step 5-7). Pluronic acid was eventually used to 
passivate the top part of the wells (step 8-9). (B) Image of the microwell membrane in 
a 12 mm glass-bottom dish (scale bar = 1 cm). (C) DIC image of hepatocytes in 
microwells (scale bar = 100 µm). (D) Confocal images to verify the differential coating 
of the microwells in F/F, P/F and F/P configurations. Pluronic acid (green, Alexa 488) 
and fibronectin (red, Alexa 561) were used. Scale bar = 5 μm.
I. Coating the sides was achieved first by incubating the membrane 
with the appropriate aqueous solution for 1 hour. Degassing under 
vacuum was used to remove air bubbles trapped in the microwells. 
The membrane was subsequently rinsed and gently air-dried. 
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II. Coating the bottom was achieved by incubating an acid washed 
coverslip with the desired solution for 1h. The microwell membrane 
was flipped over and laminated onto the dried coverslip.
III. The top of the membrane was subsequently passivated for 1 hour 
using pluronic acid. It ensures the minimal adhesion of hepatocytes 
to the membrane top and the maximal spontaneous localization of 
hepatocytes into the microwells. The system was then sterilized 
under UV without any appreciable loss of fibronectin.
The 3D differential coating was examined using Alexa488-
conjugated pluronic acid and Alexa561-conjugated fibronectin. The 
differential distributions of pluronic acid and fibronectin for F/F, F/P, P/F 
configurations were captured by confocal microscopy and displayed in 
Figure 11D. The even coating at the sides and bottom, as well as the 
clear border between these two domains indicates the ability of this 
system to precisely control the 3D ECM presentation.
     
Figure 12. The hepatocyte viability and bile canaliculi functionality were 
maintained up to 4 days in any coating configuration. 
(A) The hepatocyte viability; (B) The ratio of functional BC. 
The viability of hepatocytes and the functionality of BC in 
microwells were checked with propidium iodide and CLF, respectively. 
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As concentrating in dead cells, the propidium iodide staining 
demonstrated that the survival rate of hepatocytes was ~85% after 4 
days in any coating configuration, as shown in Figure 12A. Meanwhile, 
~80% of hepatocyte doublets in all configurations displayed functional 
BC over a 4-day culture (Figure 11B). These results suggested that the 
hepatocyte doublets in our microwell system remained healthy and 
formed functional BC. Since the canalicular lumens were already 
evident on day 2, we sticked to this time point in the following 
experiments. We chose the circular microwells with a diameter of 30 
µm to maximize the efficiency of the doublet formation.
6.2.2 Cell-ECM adhesions control bile canaliculi morphology via 
modulating actomyosin contractility. 
To examine the effect of cell-ECM adhesions on BC 
morphogenesis, we cultured hepatocyte doublets in F/F and P/F 
microwells and immnunostained them for F-actin and MRP2 on day 2. 
Most of the doublets in both configurations adopted a top-bottom cell 
arrangement with BC formed in the horizontal cell-cell contact plane. 
But the BC in F/F microwells displayed a tubular and folded shape, 
whereas the ones in P/F microwells were dilated and spherical (Figure 
13A). The only difference in these two configurations was the ECM 
presence at the sides of microwells, suggesting that the cell-ECM 
adhesion is involved in regulating BC morphology. This was further 
substantiated with the result that the disruption of cell-ECM adhesions 
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by soluble RGD (250 µM, overnight) led to spherical BC in F/F 
microwells.
 
Figure 13. Cell-ECM adhesions regulate bile canaliculi morphologies via 
modulating actomyosin contractility. 
(A) The BC morphologies in different conditions. The conditions are labeled in the left 
column (red: fibronectin, green: pluronic acid). Green is F-Actin and blue is nucleus in 
middle and right columns. The white dash lines provide the visual guidance of 
microwell boundaries. Scale bar = 5 μm. (B) The quantification of BC morphologies 
demonstrates the disruption of cell-ECM adhesions or actomyosin contractility causes 
BC to swell and unfold. The grey dash line is the linear fitting of all data points. Error 
bars indicate the standard deviations. Red circle is F/F (n=36), green square is P/F 
(n=39), brown triangle is F/F with 250 μM soluble RGD for 12 hours (n=39), cyan 
flipped triangle is F/F with 100 μM blebbistatin for 4 hours (n=45), purple diamond is 
F/F with 20 μM Y27632 for 4 hours (n=43).
To further identify the role of actomyosin contractility in the ECM-
regulated BC morphogenesis, we abolished the myosin II activity of 
hepatocytes in F/F microwells by blebbistatin (100 µM, 4 hours) or 
Y27632 (20 µM, 4 hours). Though blebbistatin and Y27632 target on 
different regulatory pathways of myosin II, both of them caused the 
tubular and folded BC in F/F microwells to become ballooned as shown 
in Figure 13A. These results indicated that actomyosin contractility is 
required for the cell-ECM adhesions to modulate BC morphogenesis. 
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To quantify BC morphologies, we used two morphological 
indices: the folding index and the swelling index. The folding index fi = 
P2 / 4πA, where P and A are the perimeter and area of BC projected 
onto the cell-cell contact plane, characterizes the degree of BC folding 
within the cell-cell contact plane. The swelling index si = lver / lhor, where 
lver and lhor are respectively the characteristic BC extensions along and 
orthogonal to the cell-cell contact plane, characterizes the spherical 
aspect of BC. (fi, si) = (1, 1) corresponds to spherical BC, while (fi, si) = 
(≫1, ≪1) represents tubular and folded BC. By this quantitative 
analysis, we plotted all the samples of each condition together into 
Figure 13B. The red circle at lower-right represents the tubular and 
folded BC in F/F microwells. The others are located at upper-left, 
indicating the spherical BC. The BC treated by Y27632 in F/F 
microwells experienced a moderate unfolding, as indicated by the 
purple diamond in the middle. This could be because Y27632 only 
abolishes the ROCK-related activation of myosin II, while the other 
upstream activators could compensate the loss of ROCK activity. 
Another interesting fact of this quantification is the strong negative 
correlation between the swelling index and the folding index, as 
depicted by the linear fitting. This means that either of them could 
represent the BC morphologies quantitatively and the in-plane tubular 
shape of BC is coupled to the out-plane constriction of BC. 
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6.2.3 The distribution of the intercellular stress determines the bile 
canaliculi morphology.
 
Figure 14. The overall actomyosin contractility around bile canaliculi shows no 
significant difference for any bile canaliculi morphology. 
(A) Top view of pMLC and MRP2 (fire color-coded) distributions around BC. White 
dash lines are the visual guidance of microwell boundaries. Scale bar = 5 μm. (B) 
Quantitative presentation of the correlation between BC morphology and the 
accumulation of pMLC or MRP2 at BC. F-Actin serves as a control. Green squares 
stand for P/F and red circles for F/F. Grey dash line is the linear fitting result.
We have demonstrated that the different BC morphologies are 
resulted from the ECM-induced changes of actomyosin contractility. 
These changes could stem either from a regulation of the myosin II 
overall activity at BC or from the variation of the stress distribution. To 
differentiate these two possible mechanisms, we first examined the 
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activation level of myosin II at BC by staining phosphorylated-MLC in F/
F and P/F microwells as shown in Figure 14A. We then quantified the 
overall activation of myosin II by analyzing the pMLC intensity at BC, 
which is then normalized by the cytosolic intensity of pMLC. This 
quantification was also applied to F-actin and MRP2.
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Figure 15. The distribution of the actomyosin-related stress modulated by 
physical constraints controls the bile canaliculi morphology. 
The top row is the top view of BC morphology. The bottom row is the average BC 
distribution as fire color-coded. The BC in circular F/F microwells (n=36) demonstrate 
a random distribution, while the ones in triangular F/F microwells (n=28) show a tri-
lobed shape pointing to the vertices. 100 μM blebbistatin (n=32) for 4 hours or 20 μM 
Y27632 (n=27) for 4 hours converted the tri-lobed BC into the swollen ones in the F/F 
triangular microwells. White lines are the visual guidance of microwell boundaries. 
Scale bar = 5 μm.
It was observed in F/F and P/F microwells, that the 
accumulations of pMLC and F-actin at BC did not correlate with the 
morphological indices (Figure 14B). As a positive control to rule out the 
possible failure of immunostaining, we checked the accumulation of 
MRP2 at BC and found its positive correlation with BC morphology. 
These results suggested that the overall level of actomyosin 
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contractility at BC is not responsible for the regulation of BC 
morphology by cell-ECM adhesions.
Therefore, we further investigated the role of the stress 
distribution in ECM-regulated BC morphogenesis. The shape of the F/F 
microwells was changed from a circle to a triangle (Figure 15). Since 
hepatocytes were still able to fully adhere to the microwells, the 
anisotropic physical constraints in triangle microwells could polarize the 
actomyosin-related stress. Hepatocyte doublets in these F/F triangular 
microwells adopted a stacked triangularly cylindrical shape. The BC 
spontaneously grew into a flat tri-lobed morphology with each lobe 
growing towards the triangle vertices. The similar results were found if 
we averaged the shape of multiple BC into a heat map. The warmer 
color means a higher probability for BC to appear at a particular place. 
The treatment of blebbistatin or Y27632 for 4 hours again led to the 
loss of the anisotropic tri-lobed shape. Our observations strongly 
indicated that the BC morphogenesis is directed by the distribution of 
the actomyosin-related stress. 
6.2.4 Stress transmission along the lateral domain mediated by α-
catenin is required for the ECM-related bile canaliculi morphogenesis.
Though the basal focal adhesions and the apical BC are both 
linked to the actin cytoskeleton, these two domains are spatially 
segregated and a transmission of the basal effect to the apical region is 
needed. The lateral domain characterized by adherens junctions is 
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positioned between the basal and apical regions. As a mechanosensor 
and a linker of adherens junction to actin cytoskeleton [151, 159], α-
catenin is a potential molecule to transmit the stress variation from cell-
ECM adhesions to BC. 
 
Figure 16. Characterization of the α-catenin expression level (A) and the F-actin 
distribution (B) after a 48-hour transfection of scramble siRNA or α-catenin 
siRNA. 
Cyan triangles stand for scramble siRNA-transfected samples and purple squares for 
α-catenin siRNA-transfected samples. Grey dash line is the linear fitting result.
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Figure 17. Disrupting the transmission of the actomyosin-related stress by 
knocking-down α-catenin leads to the swollen bile canaliculi. 
(A) BC morphologies in the F/F microwells after the transfections of scramble siRNA 
or α-catenin siRNA. Green is F-actin and blue is nucleus in the middle and right 
columns. The white dash lines provide the visual guidance of microwell boundaries. 
Scale bar = 5 μm. (B) Quantification of BC morphologies after knocking-down α-
catenin for 48 hours. The grey dash line is the linear fitting result. Error bars indicate 
the standard deviations. Red circle is F/F without any transfection (n=36), purple 
square is F/F with scramble siRNA (n=30), dark-green triangle is F/F with α-catenin 
siRNA (n=32).  
To test this hypothesis, we knocked down α-catenin in the F/F 
circular microwells. Comparing to the control, no significant depletion of 
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F-actin at BC was detected, though the expression level of α-catenin 
was decreased by ~80% as shown in Figure 16. α-catenin knocking-
down caused the swelling BC in the F/F circular microwells (Figure 17). 
This suggested that the actomyosin-related stress presented at the 
intercellular region plays a distinctive role in shaping BC. The creation 
of such a stress requires both the cell-cell contact mediated by α-
catenin and the cell-ECM adhesions.
6.2.5 A “clamping” model to recapitulate bile canaliculi morphogenesis.
We further developed a mechanical “clamping” model, which 
was able to qualitatively account for all the observations of BC 
morphogenesis (Figure 18A and 18B). The basic assumption of this 
model is that the edges of BC are submitted to a mechanical stress 
originated from the canalicular osmotic pressure (gbc) and to a lateral 
pre-stress (glat). This pre-stress between the apical pole and the basal 
region stems from the actomyosin contractility. The pre-stress along the 
lateral regions tends to pull on the junctional ends of BC and clamp the 
canalicular membranes to limit the BC elongation along the 
corresponding direction. Due to the equilibrium state, the balance along 
and perpendicular to the cell-cell contact plane has to be reached. 
Thus, we have T = 2*cosθ*gbc along cell-cell junction and r = 2*sinθ*gbc 
perpendicular to cell-cell junction, which lead to T = 2*gbc*cos(arc sin(r/
2gbc)) and T = r*tanθ. θ is the angle between the canalicular membrane 
and the cell-cell junction plane at the edge of BC. r stands for the 
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rupture force needed to open cell-cell junctions and T is the lateral 
threshold force to prevent cell-cell junctions from being opened. The 
BC elongation stops when the force along the lateral membrane is 
below the threshold glat < T = 2*gbc*cos(arc sin(r/2gbc)).
 
Figure 18. The clamping model and its experimental verification. 
(A) the force balance predicated by clamping model at BC junctional edges near ECM 
and (B) away from ECM. (C-H) are the experimental verifications of the clamping 
model in the F/P circular microwells. Green stands for F-actin, blue for nucleus and 
red for pan-cadherin in (D-F). (D) is the volume view of the doublets and BC in F/P 
microwells. (E) Top view of the BC in F/P microwells. (F) Side view of BC in F/P 
microwells. Scale bar = 5 µm. (G) The quantification of the angle at the edge of BC 
near ECM (green) or away from ECM (red). (H) The quantification of the normalized 
BC length perpendicular to cell-ECM interface (green) or along cell-ECM interface 
(red). The paired data represented the measurements from the same microwells.
Our approach reproduces qualitatively the various morphologies 
of BC observed in vitro. It predicts that the apical pole of hepatocytes 
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will develop along the direction where the lateral stress is minimal. This 
direction of the minimal stress is orthoradial in the circular F/F 
microwells and it has a tri-lobed shape in the F/F triangular microwells. 
The clamping effect of the lateral stress couples BC unfolding in the 
cell-cell contact plane with the orthogonal expansion, because it tends 
to flatten BC and contributes to counteract the canalicular osmotic 
pressure. When the pre-stress is perturbed either by the inhibition of 
actomyosin contractility or through the disruption of its transmission 
across lateral junction, the stress distribution becomes isotropic and 
BC tend to swell in all directions.
To verify this clamping model, we used the F/P circular 
microwells, because the BC in the F/P microwells experience an 
anisotropic stress distribution. The hepatocyte doublets were arranged 
side by side in F/P microwells and BC were formed within the vertical 
cell-cell contact plane (Figure 18C-F). Therefore, the top and bottom of 
BC experience a lower stress due to the lack of cell-ECM adhesions, 
whereas the sides of BC were subject to a higher stress. As predicated 
by the clamping model, the cell-ECM adhesion hinders the BC 
elongation towards ECM and leads to a smaller angle at the edge of 
BC. Thus, we examined the typical BC length along or perpendicular to 
the cell-ECM interface, as well as the angle at the edges of BC (Figure 
18G and 18H). The statistical results clearly showed that the angle of 
BC near ECM (~60°) is smaller than the one away from ECM (~90°). 
The paired student t-test demonstrated a significant increase of the 
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angle at the BC edge when it is away from ECM, comparing to the 
angle near ECM in the same microwell. The normalized BC length 
along the cell-ECM interface (~0.8) is longer than the one 
perpendicular to the cell-ECM interface (~0.63). The paired student t-
test demonstrated a significant increase of the BC length along the cell-
ECM interface, comparing to the one perpendicular to the cell-ECM 
interface in the same microwell. These results fitted the model perfectly 
and suggested that the actomyosin-related lateral stress modulated by 
cell-ECM adhesions can inhibit the BC elongation towards the cell-
ECM interface. 
6.3 Discussion
6.3.1 The role of adherens junctions in mature bile canaliculi 
The BC formation has been shown to involve a different set of 
molecules as comparing to their maintenance. The important role of 
adherens junctions in de novo BC formation was reported by Sven van 
IJzendoorn’s group [155]. They found that the elimination of E-cadherin 
and β-catenin from HepG2 cells leads to an delayed formation of BC 
that were defective in apical remodeling. However, it was demonstrated 
in MDCK cells that E-cadherin is only required for the establishment of 
cell-cell junctions instead of their maintenance [154], suggesting a 
different role of adherens junctions in maintaining the morphology of 
mature BC. 
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In this work, we demonstrated the participation of α-catenin in 
the lateral stress transmission. However, this study was only carried 
out in the de novo BC morphogenesis. To control the morphology of 
mature BC, hepatocytes may utilize another mechanism. Given that 
tight junctions are also present around BC and are linked to the actin 
cytoskeleton [153], they could serve as the mechanolinker to transmit 
the effect from cell-ECM adhesions to the mature BC.
6.3.2 The application of the clamping model
In this work, we proposed the clamping model to explain why the 
basal cell-ECM adhesions could regulate the BC morphogenesis. The 
basic concept of this model is that cell-ECM adhesions could modulate 
the actomyosin-related lateral stress, which in turn limits the BC 
elongation. The clamping model successfully recapitulated the BC 
morphologies in different microwells under various conditions. It could 
be also used to explain the formation of the extensive BC network in 
sandwich culture and in liver. In sandwich culture or liver, hepatocytes 
interact with ECM at top and bottom simultaneously. The two opposing 
cell-ECM interfaces make it difficult for BC to elongate vertically, 
leading to a tubular elongation horizontally. 
The clamping model also predicates that the stronger cell-ECM 
adhesions could facilitate the BC elongation across this particular 
region. This derivative could be utilized to manipulate BC elongation by 
varying the strength of cell-ECM adhesions. 
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6.3.3 The feedback of the bile canaliculi morphology to the apical 
transporters
The structure of BC is subject to many regulatory factors, such 
as cell-ECM interaction, actomyosin contractility, adherens junctions 
and apical transporters [1, 3]. However, it is unclear whether there is a 
feedback of the BC morphology to the other cellular events. 
We found that the normalized accumulation of MRP2 at BC 
displayed a strong positive correlation with the BC morphology. This 
implied a potential regulation of the MRP2 localization by the BC 
morphology. This correlation might be mediated by Radixin, a 
membrane linker of the actin cytoskeleton after phosphorylated [189]. 
Radixin was reported to regulate the hepatic polarity and BC formation 
in WIF-B9 cells [178]. It was also showed that the Radixin is required 
for the apical accumulation of MRP2. Thus, it is possible that the folded 
BC cluster more canalicular membranes locally, which leads to an 
increased accumulation of MRP2 at BC. 
6.4 Summary
In summary, the novel microwell system enabled us to precisely 
control the 3D ECM organization for the further investigation on the 
ECM-related BC morphogenesis. The hepatocytes were healthy and 
maintained functional BC up to 4 days. The presence of ECM near the 
cell-cell contact plane is critical for BC to form a tubular and folded 
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shape, whereas the absence of ECM leads to the dilated BC. This 
ECM-regulated morphogenesis is mediated by actomyosin contractility. 
The distribution of the actomyosin-related stress, rather than the overall 
myosin II activity is modulated by cell-ECM adhesions to shape BC. α-
catenin is required to transmit the stress from basal ECM to apical BC. 
The clamping model was proposed to mechanically explain the BC 
morphogenesis. The key concept of this model is that the stress along 
the lateral region tends to pull at the edge of BC and clamp the 
canalicular membranes to limit the BC elongation towards ECM. All the 
observations in this chapter could be recapitulated by this clamping 
model, which is verified experimentally by the anisotropic BC in F/P 
microwells. Thus, we elucidated the regulative mechanism of the 
anisotropic BC morphogenesis for the very first time.
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7. The properties of culture substrates regulate bile canaliculi 
elongation via influencing cell-ECM adhesions. 
7.1 Introduction
Culturing hepatocytes in vitro for a long term is one of the most 
challenging problems in designing drug-testing platforms, since the 
viability and functionality of hepatocytes decay gradually after isolation 
[14]. Bile canaliculi (BC) are the structural basis for cleaning metabolic 
wastes and their failure causes an accumulation of toxics to deteriorate 
hepatocytes [52]. Thus, establishing a connective BC network is a 
critical feature for a long-term culture system of hepatocytes. 
There has been a few devices developed to manipulate BC with 
microfluidic channels [73, 74] or collagen micro-cavities [18]. However, 
most of them relied on the spontaneous alignment of hepatocytes and 
failed to elucidate the in-depth mechanism behind the manipulation of 
BC. These drawbacks rendered their platforms to control BC in a trail-
and-error way and limited their further applications.
In previous chapter, we have identified the morphogenetic 
regulation of BC by cell-ECM adhesions. From our clamping model, we 
predicated that the stronger cell-ECM adhesions could potentiate BC to 
elongate over this particular region, due to the enhanced “clamping” by 
the actomyosin-related lateral stress. Various properties of culture 
substrates, such as rigidity [109], topography [111], ligand presentation 
[108] are able to trigger specific cellular responses by changing the 
strength or the pattern of focal adhesions. Therefore, modulating cell-
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ECM adhesions by varying the properties of culture substrates is 
hypothesized here to regulate the BC elongation and directionality. 
In this chapter, we aim to manipulate BC elongation and 
directionality by modulating the properties of culture substrates. This is 
not only to further verify our clamping model, but also to provide a 
comprehensive guidance of controlling BC. To achieve this goal, we 
first confirmed the correlation between the BC elongation and the cell-
ECM adhesions in sandwich culture. Then we tested the responses of 
BC to different properties of culture substrates, such as ligand 
concentration, ECM pattern, micrograting.
7.2 Results
7.2.1 The existence of the lateral stress was confirmed by the stress 
fibers underneath bile canaliculi.
The assumption of clamping model is the existence of the lateral 
stress between ECM and BC. This stress enables the regulation of BC 
morphology by cell-ECM adhesions. To confirm the existence of the 
lateral stress, we imaged the cell-ECM interface and the BC of 
hepatocytes in sandwich culture.
As shown in Figure 19, several clusters of stress fibers were 
discovered to localize just underneath BC on the fibronectin or collagen 
coated substrate. Though some small stress fibers sparsely distributed 
underneath the center of hepatocytes, most of the stronger ones 
located specifically near to the regions where BC formed (Figure 19A). 
 92
The similar distribution of Paxillin, an actin regulator at focal adhesions, 
was observed on the collagen or fibronectin coated substrates (Figure 
19B). Larger clusters of Paxillin were discovered near BC. The stronger 
stress fibers and larger focal adhesions indicate a stronger cell-ECM 
adhesion locally. Thus, these results suggested that a localized stress 
associated with BC acts on the ECM underneath BC, which 
substantiates the existence of the lateral stress.
 
Figure 19. The stronger stress fibers and larger Paxillin clusters localize 
specifically underneath bile canaliculi. 
(A) The F-actin staining. Arrowheads indicate the stronger stress fibers underneath 
BC. Green stands for F-actin in medial plane, red for F-actin at basal plane. (B) The 
Paxillin staining. Arrowheads indicate the stronger stress fibers and larger focal 
adhesions underneath BC. Blue stands for Paxillin at basal plane, red for F-actin at 
basal plane, green for F-actin in medial plane. Scale bar = 25 µm.
To further verify the correlation between these stress fibers and 
BC, we observed the recovery process of BC and stress fibers by 
replenishing the medium after a 90-minute treatment of blebbistatin. 
We observed that the abolishment of actomyosin contractility by 
blebbistatin leads to the ballooned BC and the disappearance of BC-
associated stress fibers (Figure 20). The washout of blebbistatin 
resulted in a recovery of the BC morphology within 30 minutes, 
indicating the reestablishment of actomyosin contractility. Interestingly, 
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the stress fibers recovered first right underneath BC after the 
blebbistatin washout. The stress fibers appeared underneath the center 
of hepatocytes until 2 hours after washout. The prompt reformation of 
stress fibers underneath BC again suggested a stronger cell-ECM 
adhesion locally due to the lateral stress transmitted from BC. 
   
Figure 20. The stress fibers underneath bile canaliculi recovered first after the 
blebbistatin washout.
Green stands for F-actin in medial plane, blue for nucleus, red for F-actin at basal 
plane and cyan for Cadherin. The white arrows indicate the recovered stress fibers 
underneath BC. Scale bar = 25 µm.
7.2.2 The concentration of collagen coated on substrates regulates bile 
canaliculi elongation
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The collagen concentration on culture substrates was reported 
to influence cell spreading and migration in a biphasic way [109]. The 
moderate concentration of collagen (~100 µg/ml) results in the maximal 
spreading and migration, indicating the strongest cell-ECM adhesions. 
To repeat these findings, we seeded hepatocytes on substrates coated 
with 0, 100 or 1500 µg/ml collagen and observed the cell spreading 
after 4 hours (Figure 21A). 
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Figure 21. The collagen concentration on substrates modulates the strength of 
cell-ECM adhesions and the bile canaliculi elongation.
(A) DIC images of hepatocytes on collagen-coated substrates at 4 hours after cell 
seeding. Scale bar = 30 µm. (B) Immunostaining images of hepatocytes for F-actin 
and MRP2. Green is F-actin in medial plane, red is MRP2 and grey is F-actin at basal 
plane. Scale bar = 25 µm. (C) Histogram of the BC length. Green stands for the BC 
on the 100 µg/ml collagen-coated substrate, orange for the ones on 1500 µg/ml.
The hepatocytes on 100 µg/ml collagen spread most and 
exhibited lots of lamellipodia, whereas the ones on 1500 µg/ml collagen 
displayed less spreading and few lamellipodia. On the substrate 
without collagen, hepatocytes showed little spreading. This indicates 
that hepatocytes interact more strongly with ECM on the 100 µg/ml 
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collagen-coated substrate, comparing to the 1500 µg/ml collagen-
coated substrate.
To test if the BC elongation can be regulated by collagen 
concentration, we analyzed the length of BC on substrates coated with 
100 or 1500 µg/ml collagen (Figure 21B). Denser stress fibers on the 
100 µg/ml collagen-coated substrate were observed, confirming a 
stronger cell-ECM adhesion. Longer and connective BC were 
discovered on the 100 µg/ml collagen-coated substrate. Meanwhile, on 
the 1500 µg/ml collagen-coated substrate, BC were short and span 
over only one pair of adjacent hepatocytes. The histogram of BC length 
represented the effect of the collagen concentration (Figure 21C). Over 
65% of BC are shorter than 25 µm and only 15% are longer than 50 
µm on the 1500 µg/ml collagen-coated substrate. While on the 100 µg/
ml collagen-coated substrate, only 30% of BC are shorter than 25 µm 
and more than 50% are longer than 50 µm. These results clearly 
indicated that the collagen concentration on substrates modulates BC 
elongation via varying the strength of cell-ECM adhesions.
7.2.3 Adhesive patterns regulate bile canaliculi elongation 
The adhesive patterns on substrates were reported to create a 
gradient of the basal stress for the cultured epithelium [141]. With the 
highest stress at the boundaries, the epithelial cell sheet displayed a 
stronger cell-ECM adhesion at the periphery region. Thus, we utilized a 
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circular fibronectin-coated pattern with a diameter of 500 µm to test if 
the BC elongation can be influenced by the adhesive pattern. 
The DIC image showed that hundreds of hepatocytes adhered 
to each circular island coated with fibronectin (Figure 22A). The 
passivation of the other areas successfully prevented the adhesions of 
hepatocytes. As simulated by the finite element analysis [141], the heat 
map of the basal stress was presented at Figure 22B. The periphery of 
the island associates with a higher stress. 
                  
Figure 22. The circular adhesive island modulates the bile canaliculi elongation 
differentially within the pattern.
(A) DIC image of one circular island adhered with hepatocytes. (B) The heat map of 
the basal stress simulated by the finite element analysis [141]. Warmer color 
corresponds to a higher stress. (C) ZO-1 staining. White line is the visual guide of the 
island boundary and red line segregates the inter and outer parts with equal areas. 
(D) Histogram of the BC length. Orange stands for the BC at the outer area and 
purple for the ones at the inter part. Scale bar = 100 µm.
We then immunostained ZO-1 to analyzed the length of BC at 
the inter part as well as the outer part of the island (Figure 22C). BC at 
 97
the inter part were normally shorter than the ones at the outer part. The 
histogram of the BC length illustrated that about 80% of BC at the inter 
part were shorter than 50 µm, whereas only 55% of BC were so at the 
outer part. These results suggested that the adhesive pattern could 
modulate the BC elongation differentially by distributing the basal 
stress.
7.2.4 Micrograted substrate directs bile canaliculi elongation
Micrograting is another substrate property that was discovered 
to regulate cellular behaviors [111]. Fibroblasts were observed to align 
and migrate more along the grating, due to a striped distribution of cell-
ECM adhesions. We micrograted the substrate with 5-µm-wide strips 
and 5-µm-wide gaps (5:5), or 10:10 (Figure 23A). Then hepatocytes 
were cultured on these substrates to investigate the effect of 
micrograting on the BC elongation.
Most of the BC on 10:10 substrate aligned along the direction of 
the strips, while fewer BC displayed this parallel alignment on 5:5 
substrate (Figure 23B). This was further substantiated by the polar 
histogram of the BC directionality (Figure 23C). More than 35% of BC 
on 10:10 substrate elongated within an angle of ±15° along the strips, 
whereas only 20% of BC aligned within this angle on 5:5 substrate. The 
difference of the BC directionality on these two micrograted substrates 
may stem from the degree of anisotropy. On 10:10 substrate, the 
adhesions of hepatocytes to substrates are more directed due to a 
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higher degree of anisotropy. Therefore, the anisotropic cell-ECM 
adhesions induced by micrograted substrates could direct the BC 
elongation.
 
Figure 23. The micrograted substrate directs bile canaliculi elongation. 
(A) Schematic graph of the micrograted substrate. The depth is 5um and the width of 
the gap is the same with the one of the strip. (B, i) MRP2 (red) staining on 5:5 
substrate. (B, ii) MRP2 (red) staining on 10:10 substrate. The white arrow indicates 
the direction along the strips. Scale bar = 50 um. (C, i) Polar histogram of the BC 
directionality on 5:5 substrate. (C, ii) Polar histogram of the BC directionality on 10:10 
substrate. Red dash line represents the histogram when BC are randomly distributed.
7.3 Discussion
7.3.1 Stretching the substrates to influence bile canaliculi.
In this chapter, we have shown that various properties of 
substrates could modulate or direct BC elongation via affecting cell-
ECM adhesions. However, all the tested properties are the passive 
features of substrates. The substrate-stretching was also reported to 
influence cell-ECM adhesions [190]. The uniaxial stretch could align 
cells and direct cell migration along the stretching direction [191]. The 
mechanosensing of this active feature is also mediated by focal 
adhesions [112]. The uniaxial stretch could elongate focal adhesions in 
parallel with the stretch [192]. 
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It would be interesting to test the responses of BC to the active 
stretching. The uniaxial stretch could introduce an anisotropic basal 
stress distribution to hepatocytes, just like the micrograted substrates. 
Thus, the active stretching might direct BC elongation in a more 
controllable way.
7.3.2 The effect of the ligand concentration depends on the chemical 
nature of the ligands.
Cells behave distinctively on substrates coated with different 
ECM proteins. For example, the preference of fibroblasts to fibronectin 
over collagen leads to their faster migration on the fibronectin-coated 
surface [131]. This ligand-specific regulation might stem from the 
differential regulatory effects of integrin molecules, since collagen or 
fibronectin only reacts with a certain type of integrins, whose activation 
triggers a distinct range of cellular responses [131].
The effect of the ligand concentration on cellular behaviors also 
depends on the chemical nature of the ligands. On the polyacrylamide 
gel coated by fibronectin of a higher concentration, hepatocytes were 
reported to adapt a larger spreading and a faster migration, while 
reduce the gene expressions of albumin and CYP450 [108]. However, 
the biphasic regulation of cells by the collagen concentration was 
discovered by Adam Engler and his colleagues [126]. The smooth 
muscle cell reaches the maximal cell spreading and expresses most 
actin when it is cultured on the surface of the optimal collagen 
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concentration, whereas the higher or lower collagen concentration 
results in a decreased cell spreading area and a reduced amount of 
actin. Thus, the effects of the ligand concentration also depend on the 
type of ligands on substrates.
In this work, we only tested the effect of the collagen 
concentration on BC elongation, since its biphasic regulation is unique. 
It would not be surprising for BC to elongate more on substrates coated 
with fibronectin of a higher concentration, because the cell-ECM 
adhesions are enhanced. 
7.4 Summary
In summary, we first confirmed the existence of the lateral stress 
by demonstrating the stress fibers underneath BC and their prompt 
recovery after the blebbistatin washout. Then we tested several 
properties of substrates to manipulate BC. The concentration of the 
collagen coated on substrates was discovered to regulate BC 
elongation. The circular adhesive island modulates the BC elongation 
differentially within the pattern. Finally, we demonstrated that the 
micrograted substrate could direct the BC elongation. All these 
regulations are shown to be mediated by cell-ECM adhesions. 
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8. Conclusion
As the hepatic intercellular structures, the tubular network of bile 
canaliculi (BC) is the structural basis of xenobiotics elimination, which 
is essential for liver health and functions [5]. However, three critical 
questions remains unanswered about BC growth and morphogenesis. 
The first question is how BC grow. The second one is how BC elongate 
anisotropically into tubular structures. The third one is whether the 
knowledge we learned from the previous questions could be applied to 
manipulate BC. In this thesis, we proposed three aims to conquer 
these problems step by step.
Firstly, we aimed to decipher in real time the interplay between 
bile secretion and actomyosin contractility during BC growth. To 
examine this question, we utilized the sandwich culture and the live 
imaging technics to follow the dynamics of BC. The roles of actomyosin 
contractility and bile secretion were investigated in the regular cycle of 
BC expansion and contraction. Based on BC area and peri-canalicular 
actomyosin contractility, the cycle of BC expansion and contraction 
could be divided into three phases: the expansion phase, the plateau 
phase and the contraction phase. The blebs started to appear at the 
plateau phase and resembled the ones in cytokinesis and ameboid 
migration, indicating that the interplay between the canalicular osmotic 
pressure and the actomyosin contractility regulates BC dynamics. The 
abolishment of actomyosin contractility kept BC expanding, suggesting 
the actomyosin contractility sets a threshed for the bleb generation and 
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the transition from the expansion phase to the plateau phase. The 
profile of bile accumulation in BC indicated the bile secretion drives the 
BC expansion by building up the osmotic pressure, which is released 
by BC contraction. This notion was further confirmed by the fact that 
stimulating bile secretion led to larger blebs and a faster blebbistatin-
induced BC expansion. Thus, we revealed for the very first time that 
BC growth is regulated by the interplay between bile secretion and 
actomyosin contractility.
Secondly, we aimed to reveal the effect of cell-ECM adhesions 
on BC morphogenesis and the role of actomyosin contractility in this 
process. To examine this question, we created a microwell system to 
precisely control the 3D ECM presentation to hepatocyte doublets. The 
hepatocytes in microwells were healthy and maintained functional BC 
up to 4 days. The presence of ECM near the cell-cell contact plane is 
critical for BC to form a tubular and folded shape, whereas the absence 
of ECM leads to the dilated BC. This ECM-regulated morphogenesis is 
mediated by actomyosin contractility. The distribution of the 
actomyosin-related stress, rather than the overall myosin II activity is 
modulated by cell-ECM adhesions to shape BC. α-catenin is required 
to transmit the stress from basal ECM to apical BC. The clamping 
model was proposed to mechanically explain the BC morphogenesis. 
The key concept of this model is that the stress along the lateral region 
tends to pull at the edge of BC and clamp the canalicular membranes 
to limit the BC elongation towards ECM. All the observations in this 
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chapter could be recapitulated by this clamping model, which is verified 
experimentally by the anisotropic BC in F/P microwells. Thus, we 
elucidated the regulative mechanism of the anisotropic BC 
morphogenesis for the very first time.
Finally, we aimed to manipulate bile canaliculi elongation by 
modulating the properties of culture substrates. To achieve this goal, 
we first confirmed the existence of the lateral stress by demonstrating 
the stress fibers underneath BC and their prompt recovery after the 
blebbistatin washout. Then we tested several properties of substrates 
to manipulate BC. The concentration of the collagen coated on 
substrates was discovered to regulate BC elongation. The circular 
adhesive island modulates the BC elongation differentially within the 
pattern. Finally, we demonstrated that the micrograted substrate could 
direct the BC elongation. All these regulations are shown to be 
mediated by cell-ECM adhesions. Thus, we did not only verify again 
the clamping model experimentally, but also demonstrated its 
application to guide the manipulation of BC. 
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9. Recommendations for Future Research
9.1 Verify the bile canaliculi dynamics and the involvement of 
actomyosin contractility in vivo
In this work, the bile canaliculi (BC) contraction was only 
observed in isolated primary rat hepatocytes in vitro. Though the 
interplay between actomyosin contractility and bile secretion was 
clearly demonstrated here to drive the BC dynamics, this dynamic 
control of BC volume in vivo has never been shown. The BC 
contraction was shown to be promoted during the hepatotomy-induced 
liver regeneration, because the physical damage could result in a 
higher level of vasopressin, a contraction-accelerating molecule in liver 
[171]. However, there was not any direct observation of BC dynamics 
in liver. Furthermore, it is also unclear whether the BC dynamics 
observed in vitro exist in physiological conditions. 
The advance of the genetic engineering technics realized the 
mice expressing lifeact-GFP, a F-actin marker conjugated with green 
fluorescent protein [193]. Thus, it is now feasible to directly observe BC 
and BC-associated F-actin/myosin II in liver. These observations could 
lead to a better understanding about the physiological functions of BC 
dynamics.
9.2 Identify the role of tight junctions in bile canaliculi remodeling
As a marker of the mature epithelial polarity, tight junctions seal 
BC into a non-leaky lumen, which is critical for the structural integrity of 
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BC [1]. The MLCK-MLC pathway was found to regulate the 
permeability of tight junctions [194]. It was reported that the adherens 
junctions could influence the stability of tight junctions [152]. 
During the cycle of BC contraction and growth, the BC structure 
undergoes a continuous change. For example, the BC volume 
suddenly decreases during BC contraction and sequently increases 
gradually. These could be only possible when tight junctions break to 
release the content in the canalicular lumen and subsequently re-build 
to seal the lumen tightly. Thus, the investigation about the role of tight 
junctions in the dynamic control of BC volume could deepen our 
understanding about the remodeling of the intercellular structure. 
9.3 Track the translocation of hepatic transporters and polarity 
markers in hepatocyte doublets cultured in microwells
The hepatic polarization accomplishes the compartmentalization 
of the plasma membrane, represented by the specific distributions of 
different proteins, such as hepatic transporters [24]. The correct 
accumulations of transporters are not only essential for the hepatic 
polarity, but are also required for the hepatic functions [195]. However, 
the translocation routes for these transporters are still unclear. It was 
proposed that the basal domain serves as a sorting center to 
translocate apical transporters to BC [180]. Yet some groups reported 
that a few apical transporters such as MRP2 and BSEP are directly 
transported from the Golgi complex to BC [195]. 
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This ambiguity might come from the incompetence of the 
existing platforms to track transporters in hepatocytes. The primary 
model is still the sandwich culture system, where the apical domain is 
very close to the basolateral domain. This leads to a technical 
challenge of tracking the motion of transporters in real time between 
different domains due to the optical limitation. 
In this work, we have shown that the F/P microwells arrange 
hepatocyte doublets side by side with BC pointing from bottom to top. 
Thus, the apical and basolateral domains in F/P microwells were 
configured into one horizontal plane. Combining with the fluorescent 
transporters, tracking the translations of transporters could be realized 
for a deeper understanding of the hepatic polarization and functionality.
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